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Abstract

Nanocomposites are reported to be the materiaki%tentury in the view of their unusual
properties and unigue design possibilities thahateexhibited by conventional composites.
The objective of this work is to gain insight witegards to properties of nanocomposites
mainly comprising of Polyethylene terephthalate TP&s fiber, montmorillonite (MMT) clay
as nano-filler and Epoxy as the matrix.

Nano—particles and nano—layers have very high seta—volume and aspect ratios and this
makes them ideal for use in polymeric materialshSstructures combine the best properties
of each component to possess enhanced mechanidasugerconducting properties for
advanced applications. The physical, chemical antbdical properties of nano materials
differ from the properties of individual atoms amelecules or bulk matter. By creating nano
particles, it is possible to control the fundaméptaperties of materials, such as their melting
temperature, magnetic properties, charge capacdyeaen their color without changing the
materials chemical compositions.

The present work describes the fabrication, charaettion and subsequent mechanical testing
of a nanocomposite system containing both nang)@ad micro (PET fibers) fillers. The
experimental work describes the sequence of progessteps required to prepare
nanocomposites. The study evaluates the effedtarige in filler concentration on the tensile
strength, bending strength and flexural modulusasfocomposites. The study also describes
the surface modification procedure for PET fibersathieve enhanced interfacial bonding
between these micro fillers and the epoxy matrikes have been treated in an alkaline
solution of fixed concentration subjected to difietr treatment time and temperature
conditions. The work also compares the propertieth® nanocomposites with the treated

fibers under the selected treatment conditions thitise with untreated fibers.
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Chapter 1

Introduction

1.1 Introduction

A composite material is a material system compostd suitably arranged mixture or
combination of two or more nano, micro, or macrostdguents with an interface separating them
that differ in form and chemical composition and assentially insoluble in each other (Smith
and Hashemi, 2008). A composite, in the presentesbnis a multiphase material that is
artificially made, as opposed to one that occurfoms naturally. The constituent phases must
be chemically dissimilar and separated by a disiimerface. A composite is considered to be
any multiphase material that exhibits significardgerties of both constituent phases such that
a better combination of properties is realized I{§taf, 2007).Composites materials comprise
of three main functional constituents:

% Matrix (primary phase)

X/

*%* Reinforcement (secondary phase)

X/

*%* Interface

The matrix (or primary phase) binds the fibers thgefreezing in the fiber orientation,
if any. Loads applied to the composite are then transfamedthe fibers, the principal load—
bearing component, through the matrix, enabling the contpog withstand compression,
flexural andshear forces as well as tensile loads. The alofigomposites reinforced with short
fibers tosupport loads of any kind is dependent on the peesef the matrix as the load—transfer
medium, and the efficiency of this load transfetirectly related to the quality of tifi@er/matrix
interfacial bond. The matrix must isolate the fd&oom each other so that they can acegmrate
entities. The matrix should also protect the raiciftg filaments from mechanicdamage (e.qg.
abrasion etc.) and from environmental attack. kamgle, for composites liklMCs or CMCs
operating at elevated temperature, the matrix neegsotect the fibers froroxidative attack
(Harris, 1999).

The reinforcement is the major load—bearing compbna any composite. The
reinforcement (secondary phase or dispersed phasgpe of nano, micro, or macro levéhe

1



different sizes of reinforcements help in the gjthening of composite by differemtechanisms.
Generally reinforcement is stiffer or harder inuratthan the matrix. The degreaeihforcement
or improvement of mechanical behavior depends @ongt bonding at the matriband
reinforcement interface (Smith and Hashemi, 2008).

In materials where the mechanical response depemltsads being shared between two
or more separate constituents or phases and wh#re for the propagation of cracks will be
affected by the different mechanical propertieshaf components, the manner in which these
adhere to each other becomes an important consarersVhen the strength and toughness of
composites is discussed, the strength of the at&if bond between the fibers and the matrix
becomes of great importance. Initially, it was assd that higher was the fiber stiffness, poorer
was the extent to which the composite was ables$estr shear forces acting in the plane of a
laminate. Interface properties depend upon the @a@ind physical nature of the fibers and the
matrix; there will be some modification of eithdretnical or physical characteristics, or both,
resulting in a region which has properties quiféedent from those of either of the two major
components. Whatever may be the origin of thisaedreferred to as the ‘interface’), it is the
interface’s properties which determine the manneavhich stresses are transferred from matrix
to fibers and, in consequence, decide many of tleenccal, physical and mechanical properties

of the composite (Harris, 1999).

1.2 Nanocomposites

The nanocomposite material is an innovative prodhasting nano (one-billionth of a meter)
fillers dispersed in the matrix. Typically, thewstture is a matrix—filler combination where the
fillers like particles, fibers, or fragments surnals and binds together as discrete units in the
matrix. Nanocomposites are also described as multiphas@asite materials where one of the
phases has one, two or three dimensions of less1@ nano-meter or structures having nano-

scale repeat distances between the different phtagésnake up the material

1.2.1 Significance of Nanocomposites
Nano—particles and nano—layers have very high serta—volume and aspect ratios and this

makes them ideal for use in polymeric materialshSstructures combine the best properties of
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each component to possess enhanced mechanicalipexda@nducting properties for advanced
applications. The physical, chemical and biologmalperties of nano materials differ from the
properties of individual atoms and molecules orkbmktter. By creating nano particles, it is

possible to control the fundamental properties afamals, such as their melting temperature,
magnetic properties, charge capacity and even tt@or without changing the materials

chemical compositions.

Recent advances in producing nano-structured rakgenith novel properties have
stimulated research to create multifunctional eegimg materials by designing structures at
nanometer scale. In this context, the usage of /namro—scale fillers in polymers and fiber
reinforced composites has attracted consideraldeeist. Such fillers frequently exhibit larger
surface area per unit volume and thus enhance éifermance of the fabricated composite
(Hamidi et al, 2008). At nano level, some compounds transforomfinert to active, from
electrical insulator to conductors, from fragiletdaigh. They become stronger, lighter and more
resistant. These transformed properties are witauat for the infinite potential applications of
nano—materials. Nano—composites have gained mueregt recently. Significant efforts are
underway to control the nano—structures via inngeagynthetic approaches. The properties of
nano—composite materials depend not only on thpepties of their individual parents but also
on their morphology and interfacial characteristi®&y optimized fabrication process and
controlled nano—sized second phase dispersiomm#iatability and mechanical properties such

as adhesion resistance, flexural strength, toughaed hardness can be enhanced.

1.3 Polymer Matrix Nanocomposites (PMNCSs)

Most commonly used matrix materials in composites @lymeric. The reasons for this are
twofold. In general, the mechanical properties ofymers are inadequate for many structural
purposes. In particular, their strength and stgfare low compared to metals and ceramics.
These difficulties are overcome by reinforcing oth@aterials with polymers. Secondly, the
processing of polymer matrix composites need nailue high pressures and temperatures. Also,
the equipments required for manufacturing polymetrin composites are simpler. For this

reason, polymer matrix composites are finding nsauimerous structural applications.



PMNCs are polymers (thermoplastics, thermosets, @adtomers) that have been
reinforced with small quantities of nano-sizedefdl. These are emerging as a new class of
industrially important materials with significantgnhanced mechanical and barrier properties,
flame retardancy, and electrical conductivity. dadiing levels of 2—3 wt. %, they offer similar
performance as that of conventional polymeric cositpe with 30-50 wt. % of reinforcing
material (Utracki, 2004).

1.4 Composition of the Proposed Nanocomposite

The nanocomposite fabrication proposed in the ptestedy consolidates it around three major

constituents are as follows:

1.4.1 Epoxy Resin (Matrix)

Epoxy is preferred as a matrix over polyestersdngl esters because of some of its unique
properties. Epoxy is compatible with wide a rantjéoers and fillers. Polyesters and vinyl esters
are prone to water degradation due to the preseiicgdrolysable ester groups whereas epoxy
has high resistance to water degradation henas; itore suitable for marine applications.
Adhesive properties of epoxy due its polar hydr@od ether groups; and due to its low shrinkage
after cure is another advantage because it regulagestrength of interface, which is the weakest
point of any composite. Epoxy resins based polymatrix nano—composites (PMNCs) show
excellent chemical resistance and are simple icgasing. Due to low density (of around 1.3
g/cn?) along with good adhesive and mechanical progemtigoxy resin has become a promising

material for many high performance applications.

1.4.2 Poly ethylene terephthalate Fiber (Reinforcement)
Poly ethylene terephthalate (PET) belonginghtontoplastic polymers are thermally

stable and their properties do not deteriorate gguosure to moisture. Also, the ductile nature
of PET imparts toughness to the matrix. It is oheéhe most important fibers for industrial

production due its high strength, low cost, and/c&bility. The present work proposes to use



PET fiber as reinforcement in epoxy based nanocsitg® because of its following
characteristics:

% High availability of recycled PET (Eco-Friendly): Today, the largest use of PET is in
containers with maximum usage in beverage botite$995, 1.2 million tons of containers of
PET were recycled (Santos and Pezzin, 2003). fitkesist in recycled materials developed from
post—consumer polymers has been gaining a loteritadn due to serious environmental hazards
(Favaroet al, 2010). As a result, recycling of polymers isaiging attention by the researchers
and the proposed work is a step in that direction.

%  Low density: PET has a low density in the range of 1.3—1.4 §/@ime composite obtained
with PET reinforcement will be light in weight, wiii makes it appropriate for many applications
viz. aerospace industry.

s Improved Barrier Properties: The incorporation of plate—like fillers with a higispect
ratio is found to improve the barrier propertiescomposites towards low molecular weight
compounds viz. @ CO, water vapors etc.(Kotsilkova, 2007). The use BT Bibers in epoxy
based nanocomposites with organically modified ralay creates tortuous pathways for the
passage of fluids, thus decreasing permeability.

%  Cost EffectivenessPET can be a very low cost alternative to othenroonly used fillers
such as aramid, glass fibers, carbon nanotubes etc.

s Improved Interfacial Bonding: PET fibers respond positively to simple surface
treatments (alkaline treatment with NaOH, ultragidreatment, plasma treatment etc.) for their
surface modification and provide improved interéh@dhesion of the reinforcement with the
polymer matrix. Surface treatments (e.g. NaOH inesit) are very cost—effective, which do not
require any additional/ sophisticated/costly equepta but results in improved mechanical

properties.

1.4.3 MMT Clay (Montmorillonite)

Among the different type of clay minerals, MMT lg&etmost commonly used for the preparation
of polymer clay nanocomposites. MMT owes speci@mion among its group due to its ability
to show extensive inter layer expansion or swelbirgause of its peculiar structure. The silicate

layers of MMT are planar, stiff about 1 nm in thielss with high aspect ratio and large active
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surface area. These layers organize themselvesara#iel way to form stacks with a regular van
der Walls gap in between them, called as interlayeyallery (Azeezt al, 2013).

Generally clays are hydrophilic in nature. In orttiemake them compatible with organic
polymers, the surface of the clay minerals sho@drodified to organophilic prior to its use.
Organic cations such as an ammonium ion or phogpioion are commonly used organic
modifiers for clay minerals. Modification involveélse exchange of interlayer inorganic cations
with organic onium salts. The organic modificatoauses the expansion of the interlayer space
and thereby increases the d-spacing to certaimtegtermally over 2 nm). Thus the organic
modification favors the diffusion of polymer or gsecursor into the interlayer spaéggure 1.1

shows the schematic representation of the orgaadifroation of clay (Azeeet al, 2013).

Alkylammonium .
Organophilic Clay

100s

Fig. 1.1 Organic modification of clay (Image SourceAzeezet al., 2013)

Montmorillonite can be employed in the preparatanpolymer—clay nanocomposites
because of its typical performance advantages, acedpo other traditional reinforcing agents.
The advantages include:

«  Montmorillonite develops similar increase in moduand tensile strength at 3—-5% loading
compared to 20-60% loading of conventional reinf@y@gents such as kaolin, silica, talc, and
carbon black. Implicit advantages include lightiasfic parts with greater transparency.

«  Montmorillonite increases barrier properties to stmie, solvents, chemical vapors, gases
etc. Montmorillonite is a nanoparticle with anisagic, plate—like, high aspect—ratio morphology.

It is this morphology that leads to the improvednpeation barrier through a tortuous path

mechanism.



% The plastic matrix will have a higher heat distmtitemperature. Only a few percent
loading of montmorillonite will increase the temaere at which the plastic will begin to soften
(glass transition temperature). This property igical, for example, in under-the—hood
automotive applications.

%  This thermoplastic polymer is easily recyclable.tnorillonite performance actually
improves upon recycling. Fiberglass products typicaannot be recycled for the same
application since; the fibers are damaged durieg¢eycling process.

%  This plastic can be dyed easily. Due to the co#ibithture, high surface area, and surface

treatability of montmorillonite, it can serve asautive site to fix dyes into plastic.

1.5 Origin of the Proposed Study

Most of the reported literature shows that comnadisciused FRPs most generally use

reinforcements like glass fibers, aramid fiberg.(&evlar), carbon fibers, polymer foam and

aluminium honeycomb; with epoxy, vinyl ester or ymdter as the matrix. Poly(ethylene

terephthalate) (PET) is a low—cost, and high peréorce thermoplastic that find applications in

variety of areas such as in fabrics; soft drinklbset reinforcement of tires and rubbery goods;
food and beverage packaging etc. PET has exced@riice characteristics and high heat
deflection temperature. PET which is reground frpast consumed soft drink bottles have

slightly reduced molecular weight and structuratesd properties as compared to pure polymer
(Karabulut, 2003). Despite the various advantagek coaracteristic features offered by PET

fibers, very limited work has been reported in ofi@rature regarding use of PET fibers as

reinforcement in FRP nanocomposites. This expleiasorigin of the proposed research work.

Thus the proposed research problem is to fabriaatk characterize a polymer based nano—
composite with constituents as epoxy (matrix), amgalay (nano-filler), and PET (fiber

reinforcement).

1.6 Applications

Polymer based nanocomposites are of growing irttérebe aerospace sector because of their
high toughness, low—weight designs and low thedagladability. Every pound saved in aircraft

weight makes a massive contribution to payloadgeand performanc&heBoeing Dreamliner
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is the world's most efficient airliner and usest88s of composites in its construction. This
composite can be used for seat, interior, andadsaeplace outer body parts.

In automobile industry thermoset composites like @Bulk Molding Compound) and SMC
(Sheet Molding Compound) are widely used to replaw#er—hood components and enclosures
such as valve covers, fuel hose, timing chain cowal drain pans, and intake manifolds.

In marine industry non—magnetic ship hulls, bodyasthts, leisure boats and commercial fishing
boats are preferred to be made up of fiber reigfdiomposite (Web reference: tifac.org, 2013).
Also, improvements in thermal, barrier and mechalnproperties have led to application of
epoxy—clay nanocomposites in aerospace, defense aatmmobile industries. Similarily,
adhesive, sealants, molding, casting, electromickanstruction also finds the application of

epoxy—clay nanocomposites (Azestzl.,2013).

Table 1.1 Applications of Polymer—Clay Nanocomposits (Camargoet al., 2009)

NANOCOMPOSITE APPLICATIONS
Polyimide/SiO2 Microelectronics.
PMMA/SiO2 Dental application, optical devices.
Polycarbonate/SiO2 Abrasion resistant coating.
PET/clay Food packaging applications.
Thermoplastic olefin/clay Beverage container agians.
Epoxy/MMT Materials for electronics.
Polyimide/Clay Automotive step assists - GM Safamil Astra Vans

1.7 Summary of the Chapter

This chapter discusses the basic definition an@s®ty of the nanocomposite materials. The
chapter throws light over the constitutional eletsenf these nanocomposite materials, their
functions to be performed and answers the tediausstepn regarding the advantage of

nanocomposites over conventional micro-composlies.chapter also comments on the property
and benefits of constituents due to which theypaederred over other entities of their category.

Finally the origin of the problem and the potenépplications are discussed.

The next chapter presents literature review onrpelymatrix based nanocomposites. The review

has been restricted to epoxy resin based matrixersigs with PET/ layered silicates as



reinforcements. The literature review shall be usediscuss the effect of different constituents,
methods of preparation, use of additives etc. emtlchanical and physical properties of polymer

matrix nanocomposites.



Chapter 2

Literature Review

2.1 Literature review

This section presents the summary of work carrigdy different researchers for improving the
mechanical properties and other characteristicBMNCs with epoxy as the matrix, PET as
reinforcement and organically modified montmoriiterclay as the nano filler material.

Cioffi et al. (2003)fabricated PET/polymethylmetha acrylate (PMMA) carsipe using filament
winding equipment with PET fibers treated with oggegplasma. Contact angle measurements
were done to assess the PET surface modificatiateteey (indicating the adequate conditions
for plasma treatment). Further tensile testing 8&d analysis were carried out to investigate
the mechanical behavior and morphological chang#sdifferent treatment times.

PET fibers (13um diameter and 14 GPa elastic modulus) were treatadtold plasma reactor
for different time periods (0's, 5 s, 20 s, 3038 §). Oxygen gas was used to produce the etching
mechanism. Contact angle of fibers was measured i&ame-Hart goniometer. The composite
PET/PMMA was fabricated using filament winding pess and tensile testing of different
samples was done using universal testing machim®ju

Non treated fibers exhibited 90° contact angle cvigot reduced with increase in the treatment
time, for 5 s and 20 s, respective values of caraagle were 31° and 7° (beyond 20 s time, no
significant change in contact angle was observed).

The SEM micrographs indicated that an increaseeitinent time upto 20 s resulted in higher
adhesion between the fibers and matrix (5 s trdfdtedshowed no traces of matrix after failure
whereas 20 s treated fibers had resin adhereéno dfter failure). However for greater exposure
times (greater than 20 s), intense degradatioibef §urfaces was observed. Further, the average
ultimate tensile strength values of the PET fid&vIMA matrix composite also improved for
treatment time upto 20 s. However, maximum valus el#tained for treatment time of 5s.

The authors concluded that the plasma treatmenidao a reduction in the contact angle of
fiber surfaces compared to the untreated fiberaseguently, this increased the superficial
energy and the work adhesion of the PET fibers. flasma treatment was responsible for
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stronger fiber/matrix adhesion, mainly after oxyg#dasma treatment for 20 s. The average
ultimate tensile strength of treated fiber compssgxhibited higher values in comparison to the
untreated fibers.

Isik et al. (2003)synthesized a nanocomposite comprising of epasin reolyether polyol and
montmorillonite (MMT) clay to evaluate the effecf anpact modifier (polyol) on the
morphological, thermal, and mechanical propertiethe ternary system obtained, using XRD,
SEM, DSC, and impact/ tensile tests.

The epoxy resin (DGEBA) was first cured with arphétic amine (hardener). The epoxy resin
and MMT clay (varied as 0%, 1%, 3%, 5%) were meutadly stirred for 2 h at 3%, followed

by ultrasonic mixing for 30 min. Predetermined amtoaf polyether polyol (varied as 0%, 1%,
3%, 5%, 7%) was added to the mixture and mechayistifred for an additional hour. The
ternary system was cooled to room temperature acuring agent, triethylenetetramine was
added in the ratio of 100:20 (DGEBA/hardener) byglve The slurry mixtures were poured into
aluminium moulds and cured at 7&for 16 h followed by post curing at 130 for three hours
more.

XRD analysis revealed that the impact modified gp@sin (with polyether polyol, 7% wt. and
MMT, 3% wt.) showed no significant change in inéger spacing (basal spacing) as compared
to nanocomposite without polyol (having only MMT%3wt.). It was concluded that polyol
domains do not enter galleries between the clagr&aySEM micrographs of specimens having
no clay and only polyol (1-7% wt.) showed that mblprms an immiscible rubbery phase in the
epoxy matrix. In polyol modified epoxy (with no MMiTimpact strength was observed to be
more with increasing amount of polyol, as the inoiile rubbery domains got populated. On
the other hand, addition of polyol increased tenstrength but only upto some extent due to
crosslinking of the system. However, as the potiai rubbery domains dominated there was a
decrease in tensile strength due to stress coati@nteffect. Further, tensile strength, in general
was observed to decrease with increasing amouMMT at constant polyol content. SEM
analysis showed that presence of clay preventddramdispersion of polyol in resin, especially
at high concentrations. DSC analysis showed tltaéased amount of clay and polyol increased
the glass transition temperature, as clay and pwoiteractions decreased the mobility of polymer

chains.
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Park and Jana (2003)investigated the mechanism of nanoclay exfoliationepoxy-clay
nanocomposite system and tested the hypothesisthtbaglastic forces (polymer recoiling)
developed in clay galleries during epoxy curingresponsible for exfoliation of the clay
structures. The epoxy-nanoclay system studied i work included two types of epoxy
molecules [an aliphatic (propylene glycol glycidyher) and an aromatic (DGEBA)], different
curing agents, and different nanoclay treatments.

Organically modified clay particles: Clayl (Clom® 30B, quaternary ammonium ion as the
cation), Clay2 (Cloisite@a*) and Clay3 (Clay2 treated with n-hexadecylaminejentaken.
Clay 1 and Clay 3 were separately intercalateddmx by stirring the ingredients at 80 for

6 h with a magnetic stirrer, and the resulting onigtwas dried in a vacuum oven at°8Gor 30
min. A stoichiometric amount of suitable curing ageas added to the epoxy-clay mixture and
the ingredients were mixed further for approximateimin at 6(°C. The resultant mixture was
degassed in a vacuum oven for approximately 5 m80&C and cured in an aluminum mold.
The curable epoxy mixtures without the clay werepared by mixing the ingredients for 5 min
at 60°C. The curing temperature and time were varied asyr@ng agents.

WAXD (Wide Angle X-Ray Diffraction) results showetthat quaternary ammonium ions
increased the d-spacing in treated clay from 101P.77 nm in Clayl and to 1.92 nm in Clay3.
It was observed that changing the sequence ofgagents and epoxy resins did not have much
influence on the exfoliation behavior. The resplissented elastic force as the primary force
behind clay layer exfoliation in epoxy-nanoclaytsyss. The elastic force exerted by the cross-
linking epoxy molecules inside the clay galleriesiped out the outermost clay layers from the
tactoids against the opposing forces arising froectestatic and Vander Waals attraction.
Exfoliation continued until the extra-gallery epaxyned into a gel (became highly viscous); on
the other hand, the formation of gels was advaibgelsigher curing temperatures and presence
of clay particles. It was found in this study tltaimplete exfoliation of clay structures can be
produced till elastic forces inside the galleriesrgvprevailed by viscous forces offered by the
extra-gallery epoxy.

Santos and Pezzin (2003)presented an experimental study on the compositits
polypropylene (PP) as a matrix and recycled pdhylene terephthalate fibers (rPETFs) as the
reinforcement. Recycled PET was obtained from daftk bottles and ropes. Composites of
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PP/PET with 3, 5 and 7% of PET fibers (w/w) weregared by extrusion followed by injection
moulding and the mechanical behavior was estintay¢tle measurement of the tensile strength,
the Izod impact strength and the surface hardfdégsmorphology was determined by scanning
electron microscopy (SEM).

Recycled PET fibers (rPETFs) were incorporatednalP 3, 5 and 7% (w/w) in the extruder.
Temperature profile of the plastification cylindersveadjusted between 106 and F&Cfor the
four heating zones, with an average rotation oB X¥pm, for all formulations. The extruded
material was then cooled down to room temperatwas pelletized in a knife mill. The
specimens for mechanical tests were obtained kgtion moulding.

In the preparation of the composites, it was olethat the compositions with more than 10%
(w/w) of rPETFs in PP presented degradation probleoring extrusion, limiting to 7% the
amount of rPETF to be incorporated in PP. The tesfl the tensile tests performed with the
composites and the pure PP showed that the additit?ETF in PP did not change significantly
the tensile strength (increased by 3.7% with 5% &TF). Whereas, incorporation of the rPETF
in PP dramatically decreased the elongation akif@aund 82%) for all compositions.

For the I1zod impact strength measurements, thétseshowed an increase in the impact strength
for all compositions with rPETF (maximum changenigei8.9% for 7% of rPETF). This could
be due to the formation of agglomerates that aateshock absorbing sites. The agglomerates
with no ridges acted stress concentration poindsfacilitated propagation of cracks. This could
have led to low elongation at break. There werechanges in the surface hardness of the
composites, for all compositions, in relation taguPP. This could be attributed to the low
content of rPETF in relation to PP.

Chang et al. (2004) synthesized PET nanocomposites (using in-siturlayjer PET
polymerization method) with different clay conteatsl draw ratios to evaluate the morphologies
and resulting thermo-mechanical properties of dx@eomposite material.

To synthesize the @PPh-MMT/PET nanocomposite, the first step was t@iaborganically
modified MMT clay. For this, MMT clay (MM¥Na™) and dodecyl triphenyl phosphonium
chloride (G2PPh-CI , organic modifier) were mixed. Then 62 §j, &-ethylene glycol (EG) and
1.96 g of G2PPh—MMT were placed in polymerization tube andrtiveture was stirred for 30
min at room temperature. In a separate tube, 9f7dineethyl terephthalate (DMT) and a few
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drops of isopropyl titanate (catalyst) were plaaad this mixture was added to the organoclay—
EG system, followed by vigorous stirring to obtairhomogeneously dispersed system. This
mixture was heated first to 190 for 1 h. Then, the temperature was raised to°238nd the
mixture was maintained there for 2 h. During thesipd, continuous generation of methanol was
observed. Finally, the mixture was heated to 28@or 2 h and maintained at a pressure of 1
Torr. The product was cooled to room temperatuepeatedly washed with water, and dried
under vacuum at 7@ for 1 day.

The synthesized nanocomposites were hot extrude2¥ (£C) to get fibers with different DRs
and clay contents (clay content was increased 0&%0). XRD results showed that addition of
C1oPPh-CI (organic modifier) increased basal layeacigg significantly. Also, higher
stretching of the fiber during extrusion led totbetdispersion and exfoliation of clay. TGA
results verified weight loss and increase in degiad temperature (maximum increase was 16
°C for 3 wt. %) with increasing the clay content. Tdieserved increase in thermal stability was
attributed to the fact that clay provided heat lason effect. The tensile mechanical properties
of fibers increased with increase in clay conténivas found that ultimate strength of fiber (3
wt % clay) increased to 1.5 times as compared te P&T fiber. This improvement was due to
the rigid nature of clay compared to PET molecukasther, an increase in DRs resulted in
decrease of ultimate strength unlike engineerirgstpls because high stretching’s led to
debonding and generation of voids.

Guan et al. (2005) synthesized a PET/MMT nanocomposite using in-pitlycondensation,
converted the nanocomposite to fiber form usingt m@ihning and characterized the resulting
fibers using XRD, DSC, TEM, TGA and tensile testevaluate their performance.

A suspension of sodium-MMT (1 part by wt.) in distil water (40 parts by wt.), to which PVP
(poly vinylpyr-rolidone 1 part by wt.) was dissotljewas stirred vigorously. The temperature
was maintained at 9T for 4 h. Then the precipitate was filtered andheabwith distilled water
three times. The acquired MMT was dried in a vacuara constant weight at 80 and then
grounded into powder. The obtained powder was umifpdispersed in DMT (100 parts by wt.)
and EG (72 parts by wt.). The catalyst (zinc aeg¢tats added to the mixture and was heated to
180°C. This resulted in generation of methanol and atseeremoval, the mixture was treated

with antimony oxide (catalyst) and temperature imaseased to 28%. For acquiring the fibers,
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the nanocomposite was dried in a vacuum oven at@ 8% at least 10 h. Now the melt spinning
operation was performed and fibers were drawn.

TGA results showed that PVP treated MMT did notvsloy appreciable weight loss below 400
°C. XRD analysis showed that there was an increaggen-layer spacing from 1.2 nmto 3.2
nm when untreated MMT was compared with PVP/MMTsdla strong shear stress during melt
spinning caused MMT to exfoliate. However, it wdsserved that there were difficulties in
processing of melt spinning with increasing amoohMMT. Further, for 5% elongation of
PET/MMT nanocomposite drawn fiber, it was obseriret MMT layers dispersed uniformly,
restricting the movement of PET macromoleculesthnd leading to increase in tensile strength.
Also, the DSC results showed that heat shrinkaglefesulting nanocomposite got lowered,
which was advantageous.

Teh et al. (2005)fabricated a composite of aromatic epoxy and Ri6lyéthylene terephthalate
fiber) of diameter 20m and length 2-3mm, 1 wt. % with the objectiverteastigate the fracture
behavior and toughening mechanism of the compfisit@ptimizing the treatment time required
for surface modification of PET fibers with NaOFhe morphologies and chemical properties
of the as-received composites and the ones wifacaimodified PET fibers were investigated
by SEM and ToF-SIMS (time of flight secondary ioasa spectrometry) techniques.

For surface modification, PET fibers were subjedtedlkaline hydrolysis with NaOH aqueous
solution (50% wi/v) at 80C for different time periods (0-30 min). Subsequgnthe samples
were washed with distilled water until all NaOH waashed away. ToF-SIMS technique was
used to scan the surface topology and internattstrel of the PET fibers during hydrolysis
(surface modification) before adding them to thexgp All fibers were dried at 8% for 12 h in
vacuum prior to mixing. The composites were pregpdmgmechanically mixing the short fibers
with epoxy resin using a high speed homogenize7@at rpm). Blends were degassed under
vacuum and cured at 100 for 2 hrs. The mixture was then poured into aigakiglass mould
and post-cured at 18@ for 5 h. Samples of thickness 6.25 mm and widilbrhm (ASTM
E399) were taken for flexural testing (three pdiehding test) at room temperature.

SEM and ToF-SIMS investigations revealed that unfremt fibers showed smooth and

featureless surface while the surface of modifibdrs appeared with shallow pitting and some
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cracks for treatment time periods of 2.5 min. Fbeeated with NaOH for prolonged time, i.e.
20 min resulted in irregular surface and the fiberdonger remained straight.

The results also showed that fracture toughnetbeafeat epoxy increased by 33% upon addition
of 1wt% untreated PET fibers and increased by 88%duition of 1wt% treated (with NaOH

for 2.5 min) fibers. On increasing the time of sgd treatment, toughness decreased because
prolonged alkaline hydrolysis led to large accurtiataof pits resulting in crack initiation and
internal hydrolysis.

Fractured surfaces of failed composites were algestigated with SEM. Observations revealed
that non-treated fibers (Fig. 2.1) showed pulldagving clean holes in the epoxy, which

represented poor adhesion between fibers and epoxy.

SEl 50kv  X2200 10um WD9.7mm

Fig. 2.1 SEM micrographs of (a) unmodified PET fibes (b) PET fibers with 2.5
min NaOH treatment (c) PET fibers with 20 min NaOHtreatment (Source: Teh et al., 2005 )

The fractured surface of the composite with treditaers for 2.5 min (Fig. 2.2) showed typical

breakage and river like structures on the surfabé&h indicated that a lot of energy was utilized
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during the fracture, while in the sample with teshfibers for a prolonged period (20 min
treatment time), the river like structure was lapparent (Fig. 2.3), thus concluding that less
energy would have been consumed.

Avila et al. (2006)synthesized fibre glass-epoxy-nanoclay laminatepmsites using vacuum
assisted wet lay-up method and studied the impeenigth and effect of nanoclay presence on
damping behavior of the nanocomposites.

The nanocomposites containing (DGEBA and hardinghflenetetramine in ratio 100:20), clay
(OMMT) in different weight percent (1, 2, 5, and M. %) and S2-glass (laminates with 16
layers and 65% fibre volume fraction) were prepdrgdvacuum assisted wet lay-up method).
In this method, the nanoclay particles were mixecdetone. These were blended into the
hardener followed by degassing for an hour. Thatgwsl was then mixed to resin followed by
stacking sequence and vacuum assisted wet layauipdéion to form S2-glass/epoxy-nanoclay
composites. It was then cured for twenty-four haurder vacuum at room temperature followed
by low temperature co curing.

Impact test results indicated higher front faceadehated areas for the clamped condition as
compared to the simply supported condition. Studynpact test as a function of energy levels
showed that for energy levels of 15-22 J, the ffané delaminated area was reduced (by 22%)
with addition of 1 %wt. of nanoclay for both cagelamped as well as simply supported) and
the back face failure area and also the back fafteafion were much smaller in nanocomposites
as compared to neat epoxy; for impact energy lexel5-36J, the back face delamination area
got reduced by around 10% and the back face deftegbt reduced by approximately 45%; for
impact energy levels of 38-54 J, the back faceifaibrea decreased by 21%, and its deflection
was reduced by 20%. The back face failure are@ased for clamped conditions which could
be due to load concentration.

At energy level of 40 J for different nanoclay aamts, specimens indicated that as the amount
of exfoliated nanoclay increased, the damping aigwroved. Furthermore, analysis of rate of
rebound force reduction showed that it was direptiyportional to the amount of exfoliated
nanoclay. However, it was observed that the optinaumount of exfoliated nanoclay was 5%.

Higher nanoclay concentrations led to excessi¥esis which led to more rebounds.

17



The exfoliation of nano-sized clay increased thmpaosite impact strength, as the damaged area
decreased by approximately 20% for small amountseabclay contents.

Choi et al. (2006)synthesized a PET/clay nhanocomposite by direntBrcalating a catalyst into
the clay interlayers by metathesis reaction of wodications with chlorotitanium catalyst.
Morphology and wide-angle X-ray diffraction of coogites as well as gas and moisture
transmission rate through the composite films weeasured.

To prepare the clay-supported catalyst, MMT-Na elag dried in a vacuum oven at 1%60for

24 h before use. 10 g of MMT and 100 mL of anhydrotiF (tetrahydrofuran) were mixed for
2 h at room temperature. The catalyst, chlorotitantriisopropoxide (2 g) was added to this
suspension. The mixture was stirred for 24 h. Tlag supported catalyst was isolated by
filtration and was washed several times with anbydrTHF to remove unreacted catalyst. The
weight of clay-supported catalyst obtained was 10.BET/clay nanocomposite was prepared
by melt poly condensation in a small-scale batcact@. 100 g of DMT (Di-methyl
terephthalate), 64 g of EG (ethylene glycol), argddf clay-supported catalyst were mixed. This
mixture was first heated to 190 in a silicone oil bath and the temperature wastaaied for

2 h. The temperature was then increased td@1®here it was maintained for 2 h. The reaction
temperature was progressively increased to°28Then the pressure was reduced to a specified
level and maintained for 0.5-1 h. The thermal $itglwf clay-supported catalyst nanocomposite
was more than simply catalyst added clay nanocoitgp@s observed by TGA. WAXD results
showed that peak of clay-supported catalyst nanposite got shifted to lower angle, as
compared to MMT nanocomposite. Thus, it was coredfuthat catalyst increases the spacing
between clay layers, and thus clay-supported cstdlynlike organoclay) gives exfoliated
nanocomposite, which results in good barrier prioger (less permeable) in PET
nanocomposites.

Khanchaitit and Aht-Ong (2006) fabricated a PET reinforced epoxy composite, using
UV/ozone surface modification on PET fibers. Thaeagistic effects of UV and various gas
species (nitrogen, air, oxygen, air/ozone, and eryagone) exposure as well as the effects of
exposure time, i.e., 2, 5, and 10 min, on the molqyy and chemistry of PET-fiber surfaces

were investigated by using a scanning electronaaaope coupled with energy dispersive x-ray
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analysis (SEM/EDX). The tensile testing and analgéifractography of the resulted composites
were performed to evaluate the effectiveness optbeess.

The fiber samples used in this study were multiigsmt PET fibers. Each filament had an average
diameter of 10 um and surface modification was doael m long tubular stainless steel reaction
chamber. The gas species were forced to pass thtbhegenter of the reactor chamber to give
an increasing number of collisions of gas molecuesfiber surface. The epoxy resin and
hardener selected were EPOTEC YD 582 and XDH 1&%eaively. The two components were
mixed as 3 parts of resin and 1 part of hardenewéight. The unidirectional specimens for
tensile testing were fabricated by a casting mold/hich PET fibers were 10% volume of the
composite. The specimens obtained were based oASA& D 638 M standard. Vacuum
environment was used to remove small bubbles whight be contained during mixing process.
Tensile properties and morphology of PET fiberseni@wvestigated. The results indicated that
both the gas species and the exposure time haffewb @n the tensile properties of the samples.
SEM micrographs revealed no significant changesurface roughness upto micro level,
however surface modification at nano level was oleske Hence, results suggested that any
change in the tensile properties of the resultechposite should be affected by altering
interface/interphase properties between the fimetr matrix, not by manipulating the fiber
properties themselves.

Tensile test of PET/epoxy composite were carrigdusing universal testing machine equipped
with 10 kN load cell. Tensile strength of compaositarrying untreated fibers and treated fibers
were compared. It was observed that untreated P&Wpasite showed low mechanical
properties. Composite carrying treated fibers forid treatment time and UV/Q Osgas specie
showed most effective tensile properties with amaase of at least 25 MPa in tensile strength.
When treatment time was increased upto 10 min,catemtuin tensile properties was observed,
and the possible reason that can be inferred vea®tmation of low molecular weight oxidized
materials. SEM micrographs helped in drawing casiolos from the various failure mechanisms
(like improvement in adhesion of the interface whserved, evidenced by the rough surfaces of
the pulled-out fibers). Cracks were developed ioxgpnatrix instead of the interface because of

stronger interaction between the fiber and matrix.
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Schmidt et al. (2006)evaluated technical sustainability of resin sogketmination) for deep-
water mooring applications substituting some lotagrding terminations. These consist of
introducing a simple-ended rope (PET ropes 10 and8diameter) in a hollow metallic device
having a conical shape and pouring into it a thesghoesin that once cured, fastens the rope
extremity. Performance of socketed PET ropes wakiated under tensile testing. The curing
and visco-elastic behavior of various epoxy regsteam was monitored with DSC and DMA.
Two kinds of PET ropes were used, 10 mm diametelato testing and 40 mm for pilot tests.
The extremities of the PET ropes were insertetiénsbcket after dismantling yarn into a broom
shape. The socket was secured in a vertical positith rope extremity inside it and pouring
thoroughly mixed resin and hardener into the sqdtatting from the base to the top avoiding
any air bubble entrapment, and developing a coatiauesin phase and the resin was allowed to
cure for at least 7 days at room temperature. digerent epoxy/hardener systems were used.
The efficiency of the resins was evaluated by campgaaverage failure load of socketed and un-
socketed rope on lab scale as well as pilot tesfwgrage failure load of 10 mm and 48 mm
parent rope was recorded as 2348 kgf and 43,948kgEctively. The highest value of average
failure load recorded for 10 mm socketed rope widstxgf and for 48 mm socketed rope was
41,280 kgf. Though the results of failure were alse functions of resin type and socket
dimensions where a perfect resin cone has not y@eluced in the inner socket surface.

The homogeneous distribution of resin infiltratithge rope extremity and volumetric ratio of
resin to fiber (ratio greater than 5 gave adeqs#tngth) were found crucial for optimized
performance of the sockets. The glass transitidheofully cured resin () was more dependent
on hardener type than on resin type.

Gupta et al. (2007)synthesized bulk quantity of clay-epoxy nanoconitpssising two different
methods of preparation (mechanical mixing and shering) to evaluate if the two processing
methods resulted in different structure and medshmroperties (tensile, compressive, and
impact properties) of the resulting nanocompoditeese properties were compared with those
of the neat epoxy resin to observe the differereesed by addition of nanopatrticles.

Five compositions of nanocomposites were synthdsamtaining nanoclay (Closite® 30B,
MMT modified with a quaternary ammonium salt) iri®5, 0.25, 0.50, 1 and 2 vol. %. These

composites were synthesized both by mechanicakdisas shear mixing methods. The ratio of
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epoxy resin (D.E.R. 332), amine based hardener.fD.E4) and diluent (&—Cus aliphatic
glycidyl ether) was taken as 83.5:4.4:12.1 (% vol.)all specimens. The first mixture was
prepared by mechanical mixing in which the mixtwaes stirred at 650 rpm for 2 h at 8D The
composite slabs were cast in aluminum molds, ctmed4 h at room temperature and then post
cured at 100C for 3 h. The processing was carried out with #flresin in each batch. Similar
mixture was prepared by shear mixing method usirtgr@e step process. First, the desired
volume fraction of nanoclay was added to the epdikyent mixture and hand stirred. Then, the
mixture was placed under the drill machine and wchie® 650 rpm for 30 min to obtain
homogeneous distribution of nanoclay within therreShe mixture was then shear mixed using
a three roll mill at 180 rpm.

XRD results showed that nanocomposites synthesigedy mechanical mixing had exfoliated
nanoclay, whereas in shear mixing, only intercatatif the clay was observed. The mechanically
mixed specimens with exfoliated nanoclay exhibigetigher modulus than the shear mixed
specimens. The impact strength for nanocompositas kigher for mechanically mixed
specimens, but lower than the neat epoxy resin.

Further, mechanical testing (tensile, compressimhimpact) results showed that the tensile and
compressive modulus increased with increase in ctaytent. The tensile modulus showed
maximum improvement i.e. increase of about 50% witkition of 2 vol. % nanoclay. The
possible reason was that clay hinders the movewieapoxy in its vicinity. The maximum
strength was exhibited by 0.25 vol. % nanoclay spens and thereafter the strength decreased.
Hwang et al. (2008)synthesized nanocomposites prepared by in-sitynmprization process to
observe the dispersion of MMT clay (both, unmodifend alkyl modified A10-MMT clay)
within the PET matrix to compare performance immgrof mechanical and morphological
properties of the two types of nanocomposites.

PET nanocomposites containing pristine and orgépiozodified MMT (0.5-2.0 wt. %) were
prepared by in-situ polymerization. In an esteaifion tube, 62 g of EG (Ethylene glycol), 0.97
g of organically modified MMT (1 wt. %), and Zincetate (0.0172 g) were subjected to ultra-
sonication for 30 min. During vigorous stirring, §70f DMT was added to the EG slurry to
obtain a homogeneously dispersed system. The reixtas then heated for 30 min at 2Q@nd

was raised to 150C. The temperature was raised further to 20Qo initiate esterification
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between silicate layers in the clay. The ester angh reaction was carried out for 3 h while
continuously removing methanol. Finally, polyconslation was performed below 0.1 Torr at
temperatures between 180 and 285with 0.0084 g of antimony (lll) oxide catalyst. &h
resulting nanocomposites were repeatedly washddwater and dried under vacuum for 24 h
at 80°C. The sample films (20 cmx20 cmx0.3 mm) were pregdy a heating press.

X-ray diffraction (WAXD) indicated that A10-MMT falitated higher level of intercalated PET
than Na-MMT. At the same level of clay content, clay pelgs in PET/ A10-MMT exhibited a
higher degree of exfoliation and were more unifgrispersed throughout the PET matrix,
compared with clay particles in PET/ NBIMT. The degree of exfoliation was determined by
TEM measurements, which showed clear separatiaveleetthe silicate layers of the clay. SEM
images of the nanocomposites confirmed that thgl alodifier of A10-MMT significantly
improved the compatibility between PET and MMT. Trechanical properties of PET/A10-
MMT were superior to those of PET/ NRIMT. The degree of dispersion of clay into the PET
matrix was the main factor responsible for the eambanent of mechanical properties regardless
of the clay content. The alkyl modifier in A10-MMtherefore provided not only enhanced
exfoliation and PET compatibility, but also impraveechanical properties.

Hadjizadeh et al. (2010)analyzed the effect of NaOH treatment providedh&it blown non-
woven PET structures (PET mats with small diaméteers, <10um) for evaluating the
morphological, physical and mechanical propertgea &unction of treatment duration and fiber
diameter. The main techniques used were DSC, SEMeasile testing.

PET fibers were synthesized using melt blowing pssc(6p and 10p). PET mats were
fabricated on homemade pilot plan setup. PET extnusvas performed through a die and
exposed to high speed hot air streams throughramaap sidewise of the die which resulted in
stretching of the fibers and then made fiber nek&orThe produced webs were collected on a
rotating drum. Individual web layers were placedaoh mm thick aluminium plate and then the
plate was wrapped into a high temperature vaculwgrubeg a standard bagging procedure. The
consolidation process was performed in an ovenncuatgrolled temperature (80 and vacuum
(-25 in Hg) for 30 min. The PET mats were cut istppare pieces (3x3 cm / 5x5 cm) and soaked
in NaOH solution (2 ml NaOH of 1normlity per 1 €wf mat) in a glass container. The matrices

were treated for different durations (20 min,40 min, 60 min, 2 h, 4 h and 24 h) at temperature
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of 65°C. Then these were thoroughly rinsed with deioniater and allowed to dry in ambient
condition for at least 24 h.

It was observed that with increase in treatmenetithe hydrolysis rate of samples increased
which led to weight loss (weight loss experiencgdhe smaller diameter fibers was higher).
The surface density of the woven mats increaseu twveatment duration ranging from 20 min to
2 h, but started decreasing with further increadesiatment duration. The smaller diameter fiber
mat (thickness 15um) resulted in more variation in the tensile prdoipsrthan the larger
diameter fiber mat (thickness 2Q@@8n). For both the mats, by increased treatment idurat
Young’s modulus and tensile stress decreased isitdestrain increased. This suggested that by
an appropriate matrix design and treatment conditiptimization, it is possible to alter and
obtain better mechanical properties.

Nagalingamet al. (2010)developed FRP with eight different combinationgolyester resin
(epoxy), emulsion fiber (thickness 300 micron) aado-powder (colloidal silica) using layered
manufacturing technique (LM) and measured the machhproperties. The amount of nano-
powder was varied from 2—-10 % (i.e. 2%, 4%, 5%, 8%,and 10%) and fiber from 20-30 %
(i.e. 20%, 22%, 24%, 25%, 26%, 28% and 30%). Theabioations were summarized in
Table 2.1.

The tensile strength, impact strength and fatigiie bf an experimentally produced
nanocomposite FRP in various combinations of pidresesin, fiber and nanopowder was
investigated at room temperature. Tensile teste werformed according to ASTM D 638 at a
test speed of 50 mm/min.

The nanocomposite fiber reinforced plastic had sheignificant changes in properties which
are compared against the composite (70% resin @f@d fder) containing 0% nanopowder.
Results showed sufficiently high ultimate tensiteesgth and 23% improvement of ultimate
tensile strength at 5 wt. % increment of nanopowhiepact strength increases to 10 JAnam

an addition of 10 wt. % of nanopowder. Fatigueilifereases to 14 x 16ycles for the increment
of 6 wt. % of nanopowder and 24 wt. % of fiber. Bimve three parameters of this study which
can predict the influence of nanoparticle in FR€ag)y increase tensile strength, impact strength

and fatigue life.

23



Table 2.1 Combination of polyester resin, fiber andhano-powder (Nagalingamet al. 2010)

Combinations Weight Percentage (%) Weight |(g)
Polyester resin 70 1050
Fiber 30 450
Polyester resin 75 1125
Fiber 25 375
Polyester resin 70 1050
Fiber 28 420
Nanopowder 2 30
Polyester resin 70 1050
Fiber 26 390
Nanopowder 4 60
Polyester resin 70 1050
Fiber 25 375
Nanopowder 5 75
Polyester resin 70 1050
Fiber 24 360
Nanopowder 6 90
Polyester resin 70 1050
Fiber 22 330
Nanopowder 8 120
Polyester resin 70 1050
Fiber 20 300
Nanopowder 10 150

Chakradhar et al. (2011)synthesized a high strength and low cost nanocsitgfor making
light weight components for automobile parts etc.bkending epoxy (Ardalite-LY 556) with
unsaturated polyester (Ecmalon 9911) (i.e. 85/1%AR% ratio) and adding montmorrilonite
(MMT) clay (H,Al,O¢Si) whose quantity was varied between 0% to 5% bight (0%, 1%,
2%, 3%, 5%). Addition of unsaturated polyester Ware to reduce overall cost. Mechanical
properties like tensile strength (TS), impact ggtbr(lS), and inter-laminar shear strength (ILSS)
were investigated as a function of clay contertha nanocomposites. Thermal characteristics
like thermal decomposition behavior and glass itemstemperature were also evaluated using
thermo-gravimetric analysis (TGA) and differensaénning calorimetry (DSC). SEM and TEM
analysis were also performed to observe the digtab of secondary phases and the fracture

type in the nanocomposite.
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Epoxy/polyester and clay (dried in oven at@dor 24 hours) were mixed in pre-calculated
amount using mechanical stirrer. Stirring was dtmoughly for about one hour at ambient
conditions. The mixture was placed in a high initgngltra-sonicator for about one and a half
hour in an ice bath in order to avoid temperatige. ISonication was done to achieve uniform
distribution and exfoliation of clay layers. Afteompletion of sonication, other constituents viz.
hardener/accelerator/catalyst/promoter were added weight proportion 100:10/2/2/2
respectively) to the epoxy/polyester mixture. Tha&tare was then poured in a glass mould in
order to get samples according to ASTM standards.

The results revealed that by increasing the claguarto an optimum level (3 % by weight), the
TS, IS, ILSS increased by 30%, 16%, and 52% res@dgivith respect to the neat blend without
any clay content. This was due to the excelleneaidim and interfacing between the clay layers
and the epoxy/polyester. However, when the clayjterdnwas increased beyond 3%, a fall in
mechanical properties was observed. It was condlddem the morphology of fractures,
analyzed by SEM and TEM (Transmission electron osicope) that further increase in clay
content caused agglomeration, which results imeetaspect ratio with a consequent decrease
in stress sharing by clay agglomeration.

Thermogravimetric analysis revealed that thermabilty of the composite improved with
increased clay content with 15% weight loss obskfee5 wt. % clay sample. Also a 20rise

in decomposition temperature was obtained comptores neat blend. Differential scanning
calorimetry showed that clay particles increasedgiass transition temperature b$C3for 3%
clay content. The clay particles opposed the moweneé matrix in its vicinity when the
nanocomposite is subjected to shearing.

Jindal (2013)synthesized a nanocomposite with epoxy resin as bad MMT clay (nanoclay
Closite® 30B), and Recron® fiber PET (Polyethyléarephthalate) as the reinforcement and
investigated the change in mechanical propertiegapying only the amount of PET fiber. The
PET fibers used were of i diameter and 3mm length. Laboratory synthesmabcomposite
was done by simple hand lay-up process. The nanpesites consisted of MMT clay (3% by
weight), PET fiber in different weight ratios (0%25%, 0.5%, 0.75% and 1%) and the epoxy

resin. Also, while preparing the composites, thd Fikers were dipped in NaOH solution (for
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2.5 min and rinsed thoroughly by distilled water)roughen the fiber surface and facilitate the
interfacial bond of fibers with the matrix.

The mechanical properties investigated include iltermoperties (ultimate tensile strength,
modulus of elasticity), bending strength, impacersgth and microhardness. These properties
showed an appreciable change with change in PEEF @bntent. Structural analysis was also
conducted using XRD and SEM to observe the digiohwf clay.

The results showed that ultimate tensile strengthenano-composite increased by increasing
percent weight of PET fibers upto an optimum le(@b% PET) and thereafter decreased
gradually. Modulus of elasticity decreased contimlyp with an increase in PET fiber. Bending
strength and impact strength showed a continuaurease with increase in PET fiber content.
Toughness of composite further increased in the HNaOlution treatment. Microhardness
decreased with an increase in PET content. Altéisalts showed that PET imparts ductility to
the composite. XRD results showed that epoxy chaere intercalated into the nano-clay layers.
There were a few limitations in this work. Only querameter i.e. PET content was changed and
that too upto 1% only. Though X-Ray diffraction aB&EM analysis were conducted, the
structural-mechanical property relationship foroaay and PET fiber was not discussed.

Liu et al. (2013)adapted the technique of surface modificationgisiltraviolet radiations and
compared it with other techniques like corona dasgh (CDT) and alkaline treatment. The
fabrication of composite is done using the lamis&tePET fabric and TPU (polyurethanes).
PET fabrics were dipped in acetongfHsolution of various concentration and irradiateder
UV (1 kW light generated from CVT-0055) for 15 mand then washed with deionized water.
After vacuum drying, the treated fabric was dipped toluene solution and sealed for moisture-
proof at room temperature. After 12 h the fabricuaken out and baked at 1%2for 1 h, rinsed
with acetone and vacuum dried.

The adhesion between TPU and PET fabric was mehssneg T-peel test of the laminates. The
mechanical properties are evidently dependent@kitid of treatment. The fibers modified with
sodium hydroxide solutions show a clear decreasenisile strength and elongation, especially
high in the case of fibers treated with NaOH (16%¢80°C, 120 min). CDT shows an advantage
in the retention of the mechanical properties, authany distinct loss of fiber tensile strength

and elongation at break.
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Adhesion between PET and TPU was improved by gta®ET fabrics obtained using UV

treatment. This treatment provides matrix friensllyface to the fibers. The good adhesion is
achieved through covalent chemical bonding, acidelyateractions or hydrogen bonding, fiber
and resin surface energies that favor completervgaif the fibers by resin, large specific surface
area of fibers, and surface roughness that allaysakd locks type mechanical bonding were

the advantages provided by this treatment.

2.2 Summary

From the literature review, it has been found #utition of nano—size filler and micro-size fiber
to epoxy based polymer matrix results into impropeaperties as compared to those achieved
in the conventional composite systems. Furthefasartreatments provided to the fillers/ fibers
have been reported to show impact on the morphaagdyproperties of nano—composites. Some
salient observations from the literature review@esented below:

A. Several authors have investigated the improvemengeichanical properties resulting from
changes in nano—filler content in the epoxy/ pdigematrix based nanocomposites. The tensile
modulus, compressive modulus, tensile/ compressikengths have been reported to show
significant changes with different clay loadingsitAors have conducted experiments to find the
specific levels of clay loadings which could prawidn optimum combination of the properties
(Isik et al.,2003; Guptaet al, 2007; Chakradhaet al.,2011).

B. Chemically modified PET fibers treated with NaOHusion improved the interfacial
interactions between the matrix and fibers. Théasarmodification conditions were optimized
by changing the treatment time. Treatments resuftethemically reactive fiber surface which
improved fiber-matrix adhesion and significantlypimved mechanical properties (Tehal,
2005; Hadhjizadekt al.,2010).

2.3 Limitations in the Existing Literature

The study of nanocomposites is one of the distsiged fields of research where mechanical and
chemical engineering work together on various ndshof fabrication using different
constituents; surface treatments methods; curimggiand temperatures etc. so as to achieve

objectives like enhanced physical, chemical, andhaeical properties along with light weight
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The proposed study has specifically reviewed liteeaon PMNCs using PET/ clay in an epoxy
matrix system. The study describes the work cawigtcby different researchers in the area of
enhancing the composite’s characteristics. Desipgextent of work reported in the field, some
gaps and limitations have been found, leading ¢éadgvelopment of scope of work in this area.
The major limitations in the existing literatureeaeported below:

s Very limited work has been reported on PMNCs coredosf epoxy (as matrix), PET
fibers (as reinforcement) and Clay (as nano-fill&here is still a scope of work required to be
done for obtaining a judicial combination of thesastituents, leading to improved mechanical
properties.

s A few authors have reported about surface modiGoatchniques, used for PET fibers,
for improving interfacial interactions between theatrix and fibers, leading to enhanced
interfacial adhesion. Literature lacks in compamatanalysis of various surface modification
techniques with regard to improvements in mechapicperties of resulting composites.

% The alkaline treatment (using NaOH) of fibers iseoof the surface modification
techniques. However, literature lacks any infororatiegarding the concentrations of alkaline
solution to be selected for treatment along widatment temperatures and time periods. More
detailed work needs to be done with regards tooghtenal surface modification conditions
resulting in improved mechanical properties.

s Exfoliation of the filler material (MMT Clay) in # epoxy matrix is one of the important
phenomena whose occurrence leads to improved mieaharoperties. Literature reports
various parameters, used by different researcfarg)creasing the extent of exfoliation. These
include using different curing agents, curing terapgre etc. There is still a lack of study
attempting to systematically combine these parammete obtain optimum values for each

parameter, which could result in the best exfaati
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Chapter 3
Design of the Study

3.1 Introduction

This chapter brings forth the details of desigrhef proposed study. The chapter describes the
properties of constituent materials used to faleiche composite, the method of fabrication,

compositional details, and the process parameteichvinelped to achieve the objective.

3.2 Establishment of Objective Function

The review of literature for the present study sedwhat several studies have been done on
polymer based nanocomposites having reinforcemiétgscarbon nanotubes, glass, kevlar,
elastomers, etc. However, limited literature wasilable on enhancement of mechanical
properties of nanocomposites mainly comprising pdxy (thermosetting) as the base, PET
(thermoplastic) as the fiber reinforcement and nigalay (OMMT-clay) as the nano-filler.
The main objective of the present study is to eataluthe mechanical properties (especially
tensile and flexural properties) of an epoxy-hastesystem by addition of both a micro and a
nano-filler. In the present work, PET has been asetthe micro-filler and OMMT clay has been
used as the nano-filler. Also, in the present widrk, PET fibers have been subjected to surface
modification in order to change their surface maitpgy for enhancing interfacial adhesion
between fibers and matrix. So, the present work afvestigates the effect of surface
modification of reinforced fibers on the performanaf nanocomposites system. The overall
objective of the present work is to evalughe mechanical properties of nanocomposites at
different concentration levels of micro and nartefs and to obtain the surface modification
procedure for improved properties.
The key issues taken up during the proposed warlasifollows:
= Fabrication of nanocomposites with different comipass to evaluate changes in properties
with change in concentration of constituents. Thogvaluate the effect of each constituent
on specific properties.
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Surface modification of PET fibers with alkalineln (under varying conditions of
temperature, and time for a given concentratiorsafition) to determine the surface

modification conditions resulting in improved projpes.

The present work involves characterization forfthlwing:

» XRD analysis to determine the extent of dispersibmano-filler in the matrix (distribution
of secondary phase).

» SEM analysis to evaluate the surface topologye#ttrd/ modified fibers.

3.3 Methodology

T

he methodology of the present study compriseavofrhain phases:

3.3.1 Methodology for Phase |

T

his phase was aimed to determine the effect ofuamof PET, clay and epoxy needed to

fabricate a nanocomposite on the resulting mechhproperties. In this phase, PET fibers were

used in the as-received state (i.e. without anfasarmodification). The literature available on

this specific combination of constituents is exteéynlimited due to which the optimum

composition is still a matter of deliberation. Titamge of the amount of nano-filler and fibers to

be used in fabrication of nanocomposites was obteirom the existing literature.

Phase 1 involved the following:

Fabrication of nanocomposites with different weigbnhcentration of constituents (epoxy,
nanoclay and PET) using the hand lay-up technigjoe different compositions for the PMNC
system were determined through the ‘Mixtures Désimgodule of Design of Experiments’
approach. The details have been shown in TableH&rk, in this phase, the PET fibers were
not surface treated and were used only in the @swed form.

Determination of mechanical properties (tensile #&xlral strength, flexural modulus) of the

resulting nanocomposites.
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3.3.2 Methodology for Phase Il

In Phase Il of work, the effect of surface modifioa of PET fibers on resultant properties of
nanocomposites was investigated. In this imponpduatse, surface modification of PET fibers
using an alkaline treatment was done with the ainm¢rease the interfacial adhesion between
PET fibers and epoxy matrix. Phase Il involvedftiilwing:

» Surface treatment of PET fibers under differentdibons was done. PET fibers were treated
with an alkaline solution of a fixed concentratioifferent conditions comprised of
subjecting the fibers to surface treatment at cefietemperatures and with different holding
times at a given temperature. The treatment camditior the present study (conditioning
time and treatment temperature combinations) werendlated based on the existing
literature.

» Characterization of the treated fibers was dorszlect the ones (treatment conditions) which
responded favorably to the surface treatment. SlEMyes were obtained to observe changes
in the surface topology of fibers. These SEM imagese compared with the SEM images
from available literature on similar work to seldfo¢ treatment conditions showing potential
to improve adhesion between fibers and matrix.

» Fibers treated under these selected conditions uga to again fabricate the nanocomposite
system.

= Determination of mechanical properties of the masglnanocomposites to determine the best
treatment conditions for PET fibers in the presase. The optimum conditions were in terms

of the optimal surface treatment time and tempeeattithe alkaline solution.

3.4 Material Selection

This section describes the constituents (of th@oamposites to be fabricated) with regards to

their characteristics, properties, concentratiorgeaetc. to be used in the proposed work.

3.4.1PET (Poly ethylene terephthalate) Fibers
Thermoplastic polymer fiber&ecron® 3s (Supplier:Reliance India Limitedindia) were used
as the micro-filler fiber reinforcement in the peasstudy. Recrdh3s is an engineered micro-

fiber which is thermally stable and its propertiesnot deteriorate upon exposure to moisture. It
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has a unique triangular cross-section and is cdiorally used as a secondary reinforcement in

concrete. It complements structural steel in enimgmoncrete’s resistance to shrinkage cracking

and improves mechanical properties such as flefepldl tensile and transverse strengths of

concrete along with the desired improvement in sibreand impact strengths (Web reference:

http://www.ril.com) Researchers have been experimenting with the addifi fibers in epoxy

matrix to come up with a potential composite tdaep other conventional composites in terms

of mechanical properties and cost effectivenessneSof the characteristics of PET fibers

(especially Recrdh3s) are as follows (Parul, 2013; Web reference:Mteww.ril.com).

“Recro? has excellent unmatched dispersion in water. Thigsguniform three-dimensional
dispersion throughout the matrix.

“*Recrof® 3s is proven for its performance in various weidgytechnologies.

“*Recrof® 3s gives a unique crimp for better locking inside matrix.

PET provides good temperature stability (meltingnpe> 250°C), making the product

dimensionally stable under curing conditions.

3.4.2 OMMT Clay

Among the different type of clay minerals, MMT fgetmost commonly used for preparation of
PMNCs. MMT owes special attention among its group ds ability to show extensive inter
layer expansion or swelling, because of its pecuiaucture. The silicate layers of MMT are
planar, stiff about 1 nm in thickness with high edpratio and large active surface area (Azeez
et al, 2013). The main reason for the remarkable improargs observed in polymer/layered
silicate nanocomposites is the stronger interfantaraction between the matrix and the silicate.
The use of nanoclay improves surface area to vohatn@ which allows more sites for bonding,
catalysis or reaction with surrounding materialgddndre and Dubois, 2000; Camagtaal,
20009).

3.4.3 Epoxy Resin
Epoxy-hardener system used in the present work afaaraldite family (epoxy: GY 257,
hardener: HY 837SuppliersHuntsman Advanced Materials, Injliaaving a viscosity 5-6.5

poise at 25C. Araldite has good mechanical properties and cbamesistance. It is strong and
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waterproof, making it an ideal bonding solution koad bearing or exterior use. The properties
of araldite can be varied within wide limits by mgidifferent hardeners and fillers. Due to the
low density, good adhesive and mechanical progerépoxy resins have become a promising
material for many high performance applicationsq@h2007; Kotsilkova, 2007).

3.5 Input Parameters

The input parameters for the present work and tleincentrations in the fabricated

nanocomposites are discussed as follows:

3.5.1 Concentration of PET Fibers

PET fibers in the present study were varied inrdrege 0-1.5 wt. % of the nanocomposite
system. This range was obtained from earlier stunfi@ ehet al. (2005), Jindal (2013), and Parul
(2013). All reported studies on epoxy based nan@osite systems contained a maximum of
1.0 wt. % of PET fibers in the fabricated nanocosif@systems. In the present work, the range
has been slightly extended to upto 1.5 wt. %.

3.5.2Concentration of Clay

Organic clay as a nano-filler plays a vital rolesimhancing the mechanical properties. Though,
it is one of the important constituents but itsr@ased amount can also impair the mechanical
properties due to agglomeration and/ or other okl Thus, deciding the clay amount was one
of the important considerations in the stulgr the present research work, clay amount was
varied in the range 0-2.25 wt. % of the nanocontpasistem. This range was obtained from

earlier studies of Park and Jana (2003), Gupth £@07), Hwang et al. (2008); Nagalingam et

al. (2010), Chakradhar et al. (2011), and Amendbkl. (2012). In most of these studies, it was
reported that increasing the amount of clay bey®md.% caused agglomeration, which either

caused crack initiation or propagation. Thus, tleximum clay content was restricted to 2.25

wt.% in the present work.
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3.5.3 Concentration of Constituents in the Nanocongsite

Nanocomposites with different weight concentrawdonstituents (epoxy, nanoclay and PET)
were fabricated in the present work. The differemtnpositions for the PMNC system were
determined through the ‘Mixture Design’ module DESign of Experimentgipproach. Minitab
software (Minitab17; Minitab Inc., PA, US) was udeddesign of experiments. Mixture design
is one of the main type of DOE applications concegthe preparation of mixtures. The mixture
design supports experiments with factors that ageedients in a mixture. The properties of a
mixture are a function of the relative proportiasfsthe ingredients rather than their absolute
quantity. In experiments with mixtures, a factmédue is its proportion in the mixture, which
falls between zero and one. The sum of the prapwstof all constituents in a mixture design is
one (100%). One has to choose a mixture desiginéoexperimental work which is appropriate
for the problem i.e. simplex centroid, simplex it or extreme vertices mixture design.
Extreme vertices design covers only a sub portiosnoaller space within the simplex. The
presence of both lower and upper bound constramtie components create this condition to
choose extreme vertices design and thus it waseahios obtaining the experimental runs for
the present study. The goal of an extreme vertigsgn is to choose design points that

adequately cover the design space.

Simplex Design Plot in Amounts

Epoxy-Hardener system (%)

100
a

0.00 0.00

3.75 c 96 3.75
Clay (%) PET (%)

Fig. 3.1(a) Extreme vertices design
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Figure 3.1(a) shows the extreme vertices for tobmeeponent design with both upper and lower
constraints (maximum clay and PET content in thes@nt work is 2.25 and 1.50 wt. %
respectively). The extreme vertices of the quatni& “abcd” represent the lower and upper
bound constraints on the components and the gpeasents the design space. The points a, b, ¢
and d are put at the extreme vertices of desigoesphiereas f, g, h and i represent the average

of extreme points. The proportionate values ofdégign points are described in Table 3.1.

Table 3.1 Mixture design for the experimental work

Run orde
——) _
1) | 2(@() | 3(@]| 4(| 5@)| ©6(€) 7( 8 (f 19) (

Constituents
Epoxy/Hardener (wt. 9775
% 0 97.188| 100| 98.12% 98.500 99.063 96.250 97.038 88.31
Clay (wt. %) 2.250| 1.6879 O 1.125 0 0.5625 2.250 1.6875 0.9625
PET Fibers (wt. %) 0 1.125 0 0.750, 1500 0.375 1.500 0.375 1.125

3.5.4Treatment Conditions for Surface Modification of PET fibers

A few authors have worked on the surface modificatof PET fibers to enhance their
performance in the nanocomposite systems. Availébhature includes the work of Cioffi et al.
(2003), Teh et al. (2005), Khanchaitit and Aht-G8Q06), Hadjizadeh et al. (2010), Doneti

al. (2010), Blazquez et a(2013), and Liu et al(2013). In these reported studies on surface
modification, Teh et al. (2005), Hadjizadeh et(@010) and Donelli et a[2010) have used
alkaline treatment. In the present work, surfacdiffeation of PET fibers through alkaline
treatment has been done. The range of process gt@anmas been selected from the available
literature. Alkaline treatment is done in ordemtodify the morphology of the surface of PET
fibers and to reduce the chemical inertness leattingetter adhesion, both mechanically and
chemically. However, extensive exposure to alkatiokition can also deteriorate the fibers by
driving cracks into the fibers. NaOH is the mosthoaonly used alkali for treatment of polymer
fibers. The treatment time is also a function ofiperature and concentration of solution. Teh et
al. (2005) fabricated epoxy based composites resatbwith PET fibers. The fibers were treated
with NaOH (50 g of NaOH in 100 ml of water) at Dfor different treatment times of 2, 2.5, 5,
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10, 15, 20 min respectively. The present work alses the same concentration of alkaline
solution (50 g of NaOH in 100 ml of water i.e. 5% ratio) with almost same treatment time
periods (2.5-15 min). The treatment conditiongeh@owever been extended by using different
temperatures. Treatment has been conducted at mimbomditions (3EC) to check the
possibility of surface modification at room tempera itself. Surface treatment was also carried
out at 50°C (temperature high enough but below the glass itranstemperature). Finally,
treatment was conducted at @D (temperature above the glass transition temperatnd also
reported in literature).

The surface modification parameters (time and teatpee) were varied as per data given in
Table 3.2.

Table 3.2 Surface modification parameters for PETibers
S. No. 112|345 |6 |7|8] 9 |1C|11|12|13|14

Temperature (°C) | 31| 31| 31| 31| 50| 50|50 50| 80| 80| 80|80 |80|80

Time (min) 2% 5(10(15|2E| 5 |10|15|2E5| 5 |1C|15|3C|45

3.6 Experimental Equipment and Facilities

This section provides an overview of the variouchm@es and equipment used in the present

study for fabrication, characterization and testifighe composites.

3.6.1Homogenizer

The equipment facilitates the homogeneous disperdioanoclay in the resin. Dispersing is the
mixing of at least two substances that, hardlyalissin each other, or don't chemically react
with each other. During a dispersing process, arfestance (dispersing phase) is distributed
throughout another substance (continuous phase).

Homogenizer system (Make: IKA T26 ULTRA-TURRAX, @Parmer, Chicago, US) shown
in Fig: 3.1 was used during the fabrication of tbenposite. The set-up is available at Chemical
Engineering Department, Thapar University, Patiala.

Dispersing using this equipment is based on ther4stator principle. Here, the rotor is moved

with a high circumferential speed. The rotationduces suction, which pulls the medium into
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the rotor and then pushes it to the outside with frem the stator's teeth. This process results

in the sample's dispersion

Fig. 3.1 Homogenizer system dispersing clay in ttresin

(Photo courtesy: Chemical Engineering Departmemap&r University, Patiala)

3.6.2Probe Sonicator

The probe sonicators are the most effective uartednoparticle applications. They are generally
used to agitate the nano-filler dispersed in teenreso that the former does not settle down before
solidification of the nanocomposite system durialgrication. These can be used with a variety
of powerful probe options which can process samgigskly and effectively. Probe sonicator
(Make: Q Sonica Sonicators, Newtown, US) shownign32 was used during the fabrication of
the composite. The set-up is available at Chenkiogineering Department, Thapar University,
Patiala.
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Fig. 3.2 (a) Probe sonicator (b) micro-tip controkr

(Photo courtesy: Chemical Engineering Departmelnapar University, Patiala)

3.6.3 Mechanical Stirrer

After the nano-filler (clay, in the present worlgshbeen dispersed in the resin, the mixing of
fibers and finally of the hardener is done. Mechahstirrer is required for the mixing of fibers,
hardener etc. into the resin system. Mechanicaltesti are specially designed for a broad
spectrum of applications requiring low speed arghhorque for stirring of viscous fluids and
materials. They are suitable for intensive mixinglaboratories and pilot plants. The stirrer
comes equipped with a protection for overheatingth®f motor by means of self-locking
temperature limiter. The user has a choice of diffetypes of drives i.e. AC drive, AC/DC drive
and PMDC with step-less speed regulations for oootis variation of speed as per the
requirements. Mechanical Stirrer (Make: REMI Lalbora Instruments, Mumbai, India) shown
in Fig: 3.3 was used during the fabrication of tbenposite. The set-up is available at Chemical
Engineering Department, Thapar University, Patidlae working speed of the equipment is
adjustable upto 2400 rpm, with the shaft diamefpgrof 8 mm and overall length of 400 mm.
The mechanical stirrer is featured with digitalegpelisplay, adjustable speed agitator shaft, and

a robust and ergonomic design with quiet operation.
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Fig. 3.3 Mechanical stirrer

(Photo courtesy: Chemical Engineering Departmelmapar University, Patiala)

3.6.4 Oil Bath

An oil bath provides a uniform source of heat whtesaperature can be closely controlled in
comparison to other heating devices. A laboratdrpath is made of an aluminum or stainless
steel pan, a heavy porcelain dish or thick walledgto withstand breakage and accidental spill.
Mineral oil is typically used for oil baths in reseh labs for reactions that require heating
temperatures upto 280and above. The only disadvantage of an oil bateisong time required

to bring it to the desired temperature, splatteting gets contaminated with water and the
possibility of spilling of the hot oil. The eleatrheating coil is controlled using a variable vgéa
controller. The voltage controller is adjustednorease or decrease the temperature setting of
the oil bath. The oil bath-evaporator system (Makkeidolph Instruments, Schwabach,
Germany) shown in Fig. 3.4 was used in the presenk. The set-up is available at Chemical

Engineering Department, Thapar University, Patiala.
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Fig. 3.4 Oil bath
(Photo courtesy: Chemical Engineering Departmenaplr University, Patiala)

This bath was used during the alkaline treatmerRBT fibers at different temperatures. The

maximum working temperature is adjustable upto 200

3.6.5 Vacuum Oven

The vacuum ovens are widely applicable for vacuuygind, baking, curing, and out-gassing
solids and liquidsThe vacuum oven (Make: Macro Scientific Works Rwu., New Delhi, India)

as shown in Fig. 3.5 was used in the present woris. available at Chemical Engineering
Department, Thapar University, Patiala. It is anmcocessor driven system implemented with
high calibre temperature accuracy, uniformity atability. The equipment is facilitated with
convenient vacuuming, venting ports and easy td veauum gauge. The oven is provided with
high quality door sealing made of silicone and higtafe viewing window made of tempered
safety glass. In the present work, the oven wad fesalrying the nanoclay before its dispersion
into the resin. It was also used for drying of HtbErs after their surface modification treatment
in the alkaline solution. The oven was also useddégassing the epoxy-clay resin system to

relieve any air entrapment during homogenizing pssc
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VACUUM ovEy

Fig. 3.5 Vacuum oven

(Photo courtesy: Chemical Engineering Departmelnapar University, Patiala)

3.6.6 Weighing Balance

The analytical weighing balance (Make: Mettler- e Greifensee, Switzerland) as shown in
Fig. 3.6 was used for the experiments. It is abtglan Chemical Engineering Department,
Thapar University, Patiala. The weighing balance aahigh accuracy and precision, with a

capacity of 320 g and a least count of 0.0001 g.

3.6.7 Universal testing machine

Universal testing machine (UTM) was used to deteenthe tensile strength, flexural modulus
and flexural strength of the fabricated nanocontpesiUTM (Make: Zwick/Roell, Ulm,
Germany) of 1 tonne (10 kN) capacity with differankiliary attachments for tensile and flexural
testing was used in the present work. This equipnseshown in Fig. 3.7 and is available at

Chemical Engineering Department, Thapar Univer§igtjala.
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Fig. 3.6 Weighing balance

(Photo courtesy: Chemical Engineering Departmelnapar University, Patiala)

Tensile testing samples were prepared as per tAdMAS3039/ D3039M which is a standard
test method for determining tensile properties @i/mer matrix composite materials. This test
method determines the in-plane tensile propertiepatymer matrix composite materials
reinforced by high-modulus fibers. The sample $izeensile testing was 250 x 25 x 2.5 fam
Flexural testing or three point bend test sampleewrepared as per the ASTM D790 standard.
This test measures the flexural strength and flExomodulus of reinforced and unreinforced
plastics. These calculations allow choosing malkethat do not bend when supporting the loads
required for application. These calculations eelatthe stiffness of the material. The test uses
a three point bend fixture to bend plastic tesiskar acquire the data needed to make the
calculations. The sample size for flexural testirag 125 x 12. 7 x 3.2 nfniThe strain rate was
adjusted to 2 mm/min for both tensile and flextesting.

3.6.8 X-Ray Diffractometer

X-ray diffraction (XRD) is a non-destructive anatgl technique which can yield the unique
fingerprint of Bragg reflections associated withcrgstal structure. In the preparation of a
polymer/clay nanocomposite it is important to kninve degree of intercalation/exfoliation and
its effect on the nanocomposite properties. In otherds, there is a need to analyze the

microstructure of the prepared nanocomposite andccharacterize the microstructure of
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nanocomposite as well as of pure/ organo-clay. Blareand organo-clay show a characteristic
peak in XRD analysis due to their regular layetedicsures. The peak is indicative of the platelet
separation or d-spacing in the clay structure. ¢ ive peak width at half maximum height and
peak position (@) in the XRD spectra, the inter layer space cacdbeulated utilizing Bragg's

law. The D range is varied from 2—80 degree.

Fig. 3.7 Universal testing machine

(Photo courtesy: Chemical Engineering Departmengaptr University, Patiala)

X-ray diffractometer as shown in Fig. 3.8 (Make: P¥it PRO, PANalytical, Almelo,

Netherlands). The diffractometer is available at B&bs, Thapar Technology Campus, Patiala.

3.6.9 Scanning Electron Microscope

Scanning electron microscope (SEM) uses a focusathlof high-energy electrons to generate

a variety of signals at the surface of solid specisa Accelerated electrons in an SEM carry

significant amounts of kinetic energy, and this rggeis dissipated as a variety of signals

produced by electron-sample interactions whenrbielént electrons are decelerated in the solid

sample. These signals include secondary electrbat groduce SEM images. Secondary
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electrons are most valuable for showing morpholmgy topography of samples. SEM analysis
is considered to be "non-destructive”; that isaysrgenerated by electron interactions do not

lead to volume loss of the sample, so it is posdiblanalyze the same materials repeatedly.

Fig. 3.8 X-ray diffractometer

(Photo courtesy: SAIl Labs, Thapar Technology Campasiala)

SEM as shown in Fig. 3.@Make: JSM-6510LV, JEOL Ltd, Tokyo, Jappnit is a high-
performance and low vacuum SEM for fast charad#on and imaging of fine structures and
has a magnification range from 5-300,000 X (prirdech 128 mm x 96 mm micrograph). The
selectable “low vacuum” mode allows for observatadrspecimens that cannot be viewed at
high vacuum due to excessive water content (likeynéological samples) or because they have
a non-conductive surface. The facility is availabteSAl Labs, Thapar Technology Campus,

Patiala. It was used to analyze the surface topology otrémted fibers.

3.7 Experimental Procedure

The experimental procedure contains the detailsitapeeparation of composites and alkaline

treatment of fibers for various conditions.
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Fig. 3.9 Scanning electron microscope

(Photo courtesy: SAIl Labs, Thapar Technology Campasiala)

3.7.1 Fabrication of Composites
The various steps involved in the processing abddation of nanocomposites in the present work
are described as follows. The steps are:
1.The relative weight percent of constituents ofrtheocomposite system (i.e. epoxy resin, clay,
PET fibers and hardener) was calculated as follows:
Calculate the weight of constituents by decidirgyfthal weight of the composite. Let the final
weight of the composite be 250 g.
Example: For a composite containing 3% clag 8% PET fibers by weight.
Total weight of the composite = 250 g
Weight of clay = 0.03x250=7.5¢g
Weight of PET fibers = 0.01 x250=2.5¢g
Weight of the resin and hardener = 250- (2.5+7.8%6 ¢
Weight of hardener = (35/135) x 240 = 62.22 g é@®mmended by the supplier, the epoxy
and hardener were mixed in the ratio 100:35)

Weight of resin = 240- 62.22 = 177.78 g
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2.Weigh 177.78 g of resin in a plastic beaker.

3.Add measured amount of clay to the resin. Make thatthe clay is dried for 2 hours at€D
in a hot air vacuum oven, before adding it to &rr.

4.Clay-resin mix is homogenized for 10 min, at 20,000 using a homogenizer, as shown in
Fig. 3.1.

5.The mix is sonicated for 10 min using probe sowicads shown in Fig. 3.2 (a).

6.Let the mix cool down before further processing itatemperature gets raised upto°80
approximately).

7.Place the beaker in the vacuum oven, as showngn3%, for at least 20 min, and apply
vacuum (760 mm Hg below atmospheric pressure)rntmve entrapped air, if any.

8.In the meantime, arrange the mold to rest compléteh horizontal plane, using a spirit level
and some packing, as shown in Fig. 3.10. Thisqsired to obtain uniform thickness in the

entire fabricated composite.

Fig. 3.10 Mould levelling using spirit level

9.Add the calculated amount of fibers to the ressteay. Use the mechanical stirrer as shown
in Fig. 3.3, at 350 rpm for 15 min, to dispersefibers uniformly.
10. Add the calculated amount of hardener, and agarthesmechanical stirrer at 300 rpm for 06
min to mix the hardener.
11.Coat the mold with the releasing agent (FrekotedQ-3uppliers: Northen Composidesith

the help of a brush as shown in Fig. 3.11. Theiegansures easy removal of the fabricated
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nanocomposite from the mold. The coating must beedd least 5 min prior to the pouring of

the epoxy-clay-PET resin to the mold.

Fig. 3.11 Coating of mould with release agent

12.After mixing the hardener to the resin system, thi@ is immediately poured into the

aluminium mold, as shown in Fig. 3.12.

Fig. 3.12 Pouring mix in the mold

The following precautions can be taken:
1.Clay should be kept at elevated temperature@@or atleast 2 hours and before adding it to
the resin, there should not be a large time gapd®t drying of clay and adding it to the resin,

as it will again regain moisture from the enviromne
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2.While using the homogenizer, give an intermittesst pperiod, in order to avoid overheating.
3.Before adding hardener to the epoxy-clay-PET systaeake sure that the mix is at ambient
conditions (room temperature) or else the gel tivilebe achieved sooner than needed.

3.7.2 Surface Treatment of Fibers

The surface treatment of fibers was done in ordeachieve rough surface on the fibers. The
coarsening/ pitting can provide additional, mecbahbonding between the fibers and resin. The
concentration of NaOH solution, treatment time terdperature of solution decides the degree
of unevenness obtained.

The various steps involved in the surface treatroéfibers in the present work are described as
follows. The steps are:
1. Prepare a 50 % concentrated NaOH solution (weighiwe), by adding NaOH pallets to the
distilled water. Fig. 3.13 shows the NaOH palletsdiin the present work.
Example: For 50 g of NaOH pallets, take 100 mL isfilled water.

Fig. 3.13: NaOH pellets for preparing alkaline soltion

2. Stir the pallets in distilled water thoroughly, ngia glass spatula.

3. Adjust the oil bath at the temperature requiredierspecific condition.
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4. Place the beaker in the oil bath using three potagp and adjustable stand, as shown in Fig.
3.14.

.
: ;Jjg?..

olution :

Fig. 3.14 Fibers dipped in NaOH solution in an oibath

5. Dip the fibers to be treated, into the beakertliertime decided, as shown in Fig. 3.14.

6. Keep on stirring the immersed fibers, intermittentl
7. As soon as the stipulated treatment time is owaur pll the fibers into the Buchner funnel, as

shown in Fig. 3.15.

Fig. 3.15 Filtration set-up

49



8. Rinse the treated fibers thoroughly with distilledter.

9. Rinse the fibers for a suitable period of time vdistilled water until all the sodium hydroxide
is eliminated. This is confirmed by using litmuppatest for the water which rinsed the fibers
(if the rinsed water does not contain any sodiumrtyide, the litmus paper remains red and
does not change its color to blue).

10. Wrap the fibers in a filter paper and place theravan under vacuum at 80 for 24 hours.

3.7.3 Sample Preparation

Specimens for tensile and flexural test were preghasing a circular saw. Tensile specimens were
prepared as per ASTM 3039/3039M. The samples anwrsin Fig. 3.16.

S S .
R1COPLS T2

RicomeTL

Fig. 3.16 Tensile testing specimens

Fig. 3.17 Flexural testing specimens
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Specimens for flexural testing were prepared asASFM D790 and are shown in Fig. 3.17.
Samples prepared for SEM images of treated PETsfiaee shown in Fig. 3.16 (a) and samples
for XRD were shown in Fig. 3.16 (b). XRD resultdlie used to find the extent of intercalation
of epoxy in clay galleries during composite fabtiima and the effect of amount of clay on the

level of intercalation. The XRD samples were predan powder form using a blender.

Fig. 3.18 (a) SEM specimens (b) XRD powder sphes

3.8 Summary of the Chapter
This chapter puts forward the design of the prestudy. In this chapter of the report, the

objective function with key issues has been dismiis#\n overview of the methodology,
experimental procedure to be followed has also bdesaribed. The chapter also discusses about
the machines and equipment which have been usddgdthre fabrication and testing of
fabricated composites. Finally, the chapter deseritne procedure for sample preparation for

tensile and flexural testing as well as the samjgleSEM and XRD analysis.
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Chapter 4

Results and Discussion

4.1 Introduction

The chapter brings forward the results obtainedrdébrication and mechanical testing of the
composites prepared as per mixture design tabtrsked in chapter 3. The experimental runs
were conducted as per the run order and weightetdrations of constituents provided by the
mixture design table (Table 3.1). The tensile alekural properties for the given set of
combinations were obtained and compared with tBe baatrix properties. SEM images of treated
fibers for different time and temperature condii@s discussed in chapter 3, were obtained. The
pitting and bending (morphology) of fibers was alied in order to select the time-temperature
treatment conditions which showed potential to iower the properties. XRD for different
combination of epoxy and clay system were obtaioetiagnose the level of intercalation. Finally,
nanocomposites with treated fibers were prepareé feelected composition and subsequently

tested. These improvements have also been reported.

4.2 Base Material

The base material used in the present work was epaxy (GY 257) belonging to the Araldite
family. The epoxy-hardener system was mixed in rdite (100:35) as per the manufacturer
recommendation The epoxy-hardener system was gepsing the standard procedure and the
material was subjected to tensile and flexuralrigsbn the UTS. The results of testing (tensile

strength, bending strength and flexural modulugkevebdtained and are shown in Table 4.1.

Table 4.1 Mechanical properties of the pure epoxydrdener system

Tensile Strength (MPg)Bending Strength (MPa)Flexural Modulus (MPa
37.5 96.2 3263.35

52



4.3 Nano-filler Dispersion in Resin System

X-ray diffraction analysis was conducted for theoxepclay samples (with no PET content)
containing different nanoclay loadings. Diffractianalysis was performed to confirm the changes
in d-spacing of clay when it was dispersed in {hexg. Literature reports that d-spacing of pristine
clay should increase when properly dispersed irrésen (Liu et al., 2004; Gupta et al., 2007).
Thus, XRD results were required to check if thecpssing steps (and process parameters)
followed during the fabrication process were effexin dispersing the clay in the resin system.
The d-spacing and Bragg's angle values observatifferent samples are presented in Table 4.2.
The diffraction peak of pristine clay (Closite 158y was observed at an angle of)(2.4216
having a d-spacingalue of 19.96 A. From the table it is observedttha the 2 angle
corresponding to the peak decreases, it is accaegpaith an increase in the d-spacing value for
the clay. It was inferred from the XRD results tHagpacing of clay increased from 19.96 A to a
higher range of 29.2—30.0 A with addition of claythe polymer system. This indicated that the
processing method was correct as epoxy chains inenrealated into the nano clay layers due to
polymerization of epoxy between clay layers. Soslected XRD graphs are presented in Fig. 4.1
(a—b). The details of XRD results are presentefigpendix .

Table 4.2 d-spacing of clay layers in the epoxy glananocomposites

S. No. Epox;a::;?;/nsgy::;nl/ov;nth clay Angle (D) d-spacing (A)
1 100 (Pure/ Pristine Clay) 4.4216 19.96
2 0.75 3.0059 29.3
3 1.5 2.9384 30.0
4 2.25 2.9894 29.5
5 3.0 3.0221 29.2

4.4 Results of Mechanical Testing

Table 4.2 presents the tensile strength, bendieggth, and flexural modulus values obtained
from UTM testing for the 9 distinct compositionstained by Mixtures Design (DOE, Minitab
17). A total of 18 runs (nine runs replicated twieee presented in the table. For each run, four

specimens were tested under bending and tendiieges
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Table 4.3 Results of testing obtained from UTM

Epoxy- Tensile Bending Flexural
OF\;ggr Hardener ((:OI/??, I(DO/E;I_ Strength Strength Modulus

System (%) (MPa) (MPa) (MPa)
1 97.187! 1.687¢ | 1.12¢ 27.¢ 51.: 2763.:
2 98.12%0 1.1250 | 0.7%0 33.1 60.7 2796.
3 96.2500 2.250C | 1.E0C 26.7 56.0 2473.:
4 08.312! 0.562f | 1.12¢ 39.5 67.0 2796."
5 98.£00C 0.000( | 1.E0C 41.¢ 64.0 283(.0
6 10C.00C 0.000( | 0.00C 36.5 93.7 3196.
7 97.7t00 2.250C | 0.00C 34.¢ 83.2 350C.0
8 97.187! 1.687¢ | 1.12¢ 34.2 53.( 2870.(
9 98.£00C 0.000( | 1.E0C 43.c 67.0 286(.0
10 08.12f0 1.1250 | 0.7%0 36.¢ 64.0 284(.0
11 99.062! 0.562f | 0.37¢ 40.7 66.0 268(.0
12 97.937! 1.687¢ | 0.37¢ 36.4 60.0 27100
13 99.062! 0.562¢ | 0.37¢ 40.7 66.0 268(.0
14 96.2500 2.250C | 1.E0C 27.€ 57.0 253(.0
15 97.7t0C 2.250C | 0.00C 38.€ 85.0 358(.0
16 10C.00C 0.000( | 0.00C 38.7 99.0 333(.0
17 97.937! 1.687¢ | 0.37¢ 36.4 60.0 27100
18 98.312! 0.562f | 1.12¢ 41.4 68.0 290C.0

4.4.1 Regression Analysis

Regression analysis was used in the present studgnalyze relationships among various
concentrations of constituents (epoxy, PET and)@ag the resulting response variables (tensile
strength, bending strength and flexural modulug)e Bnalysis was carried out through an
estimation of a relationship between variables @sgponses. The results of this analysis served
the purpose of calculating the extent of changminbserved response variable for changes in the
ratio of constituents and also for predicting tlesponse values for any given composite
composition. The results of this analysis are shmwAppendix II-IV.

For the present work, a full cubic regression maded used to make the predictions. The model
was fitted using Minitab 17 following the stepsaSt DOE > Mixture >Analyze Mixture Design

> Terms > Full Cubic. The model fitted well andabed the adjusted R-squared values of 81.51,

94.09, 94.41 % for tensile strength, bending stteagd flexural modulus respectively.

4.4.2 Tensile Strength of Composite System
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This section describes the changes observed itetfséle strength of the nanocomposite system
with changes in composition. For the obtained tsswd regression analysis was conducted
(Appendix I1). The maximum improvement in tensileperties was observed for epoxy-PET fiber
blend containing maximum weight percentage of PE% t. %). The maximum tensile strength
was recorded as 41.9 MPa (1.5 % PET, and 0 % day)s, the maximum improvement obtained
in tensile strength was nearly upto 12 % over tfidhe base material. It may be noted here, that
nanocomposites containing both PET and clay inr thgjher ranges, deteriorated the tensile
properties considerably. PET fibers are consider®dluctile thermoplastics which helped in
upgrading the tensile properties. Further, it maynoted that presence of clay, even at the
maximum weight percentage (2.25 wt. %) did not detate the tensile properties significantly.
This shows that nano-filler has be used in the embrrmaximum range, not causing any
agglomeration (when used as the only filler).

The following graphs describe the changes observéte tensile strength of the nanocomposite

system with changes in composition.

A. Mixture Contour Plot for Tensile Strength

The mixture contour plot shown in Fig. 4.2 descasibee relation of the response variable (tensile
strength) to the three constituents of the nanoasitg system. For any given composition in the
design space, this contour plot can be used tdrotite value of response variable i.e. tensile
strength. It can be observed that with incread@bil concentration in the nanocomposite for the
same clay content, the tensile strength increaBes.example, for nanocomposite system
containing maximum PET (1.5 wt. %) with no clay,xmmaum tensile strength (41.9 MPa) has
been achieved. With increase in clay content (fi@&625 to 1.6875 wt. %), for the same
concentration of PET (1.125 wt. %), tensile strartgas decreased (39.5 to 34.3 MPa). However,
it may be noted here that when the micro-filler awadho-filler are present at their higher ranges
simultaneously in the nanocomposite system, thsileestrength decreases considerably. For
example for nanocomposite constitutions (clay: 7%@&t. %, PET: 1.125 wt. %) and (clay: 2.25
wt. %, PET: 1.5 wt. %)where micro and nano-fillbrgh are present in a significant amount, the
tensile strength dropped to lower values of 34.3aMRd 27.6 MPa respectively. This shows that

the epoxy-hardener system cannot accommodate leffilers simultaneously in large amounts.
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Mixture Contour Plot of Tensile Strength (MPa)

Epoxy-Hardener system (%)

100 Epoxy-Hardener system (%) = 98.2074

Clay (%) = 0.822727 Tensile
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PET (%)

3.75
Clay (%)

Fig. 4.2 Mixture contour plot for tensile strength

B. Mixture Surface Plot for Tensile Strength

A surface plot shows how a response variable (hensjle strength) relates to three components
based on a regression model. The mixture surfaxtespbws the effect of change in concentration
of constituents (epoxy, clay, and PET) on the tersdrength of the fabricated nanocomposite. For
the given data, the mixture surface plot shows thasile strength is highest when PET is
maximum. Also, the plot shows that if the claynsreased beyond the designed upper limit of
2.25 wt. %, tensile strength falls considerablysd\lthe plot elaborates that if the fillers arespre
simultaneously in their upper range concentrat{@m5 wt. % clay, 1.5 wt. % PET, 96.25 wt. %
epoxy), the epoxy does not accommodate them wadlltlaa tensile strength drops considerably.

To maximize the tensile strength, choose propostionthe components in the upper right corner

of the plot.

C. Cox Response Trace Plot for Tensile Strength
A response trace plot (also called a componentisfiglot) shows how each component affects

the response relative to a reference blend. Fopitbgent work, the reference blend was given as
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(epoxy: 98.12, clay: 1.13, PET: 0.75; all in wt. 8btained as the center point of the design space
in Fig. 4.2) in composition. The Cox Response ThRla¢ shown in Fig. 4.4 shows effect of each

component on the tensile strength.

Mixture Surface Plot of Tensile Strength (MPa)

(PET =1.5%, Clay = 0%; TS = 43.2 MPa)
Epoxy-Hardener system (%)
T ensileSt rength (MB)

(PET = 0%, Clay = 2.25%; TS = 38.6 MA

Clay (%
ay (%) 375
PET (%)
Fig. 4.3 Surface plot for tensile strength
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Fig. 4.4 Cox response trace plot for tensile stretiy
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The trace plot provides information about the congmi effects. Starting at the location

corresponding to the reference blend, the plot stibat as the proportion of epoxy in the mixture
increases and the other mixture components i.g. @l PET decrease, the tensile strength
increases. Thus, the Cox plot concludes that ihdrecomposite is to contain the micro and nano
fillers simultaneously, their combined wt. % shoulok refer to the sum of their higher ranges.
Further, the plot illustrates that if the PET amibisnincreased beyond its concentration in the
reference blend (i.e. decreasing the amount ofyepo# clay as compared to their amounts in the
reference blend), the tensile strength increasdsvae-versa. Similarly, the plot illustrates the

effect of clay on the tensile properties, howevevang a trend opposite of what was shown by
PET addition. Thus, Cox plot concludes that witepext to the reference blend, if the PET

concentration is increased or the clay concentrati@ecreased, the tensile strength increases.

4.4.3 Bending Strength of Composite System

This section describes the changes observed ipeth@ing strength of the nanocomposite system
with changes in composition. For the obtained teswd regression analysis was conducted
(Appendix Ill). The bending strength for the nepb®ey-hardener system was observed to be 93.1
MPa. Addition of fillers (either clay, or PET or ) lowered the bending strength with reference
to that of the neat epoxy-hardener system. The maxi bending strength observed for the
nanocomposite system was 83.3 MPa. This value Wwisned for composition with maximum
clay content and no PET (2.25 wt. % clay and O%/®ET). The minimum bending strength of
53 MPa was observed for 1.6875 wt. % clay and 1w2%6 PET. As was the case with tensile
strength, for bending strength also, it was obsetiaat when both the fillers were present in the
nanocomposite system and that too their higheresnthe bending strength values dropped
drastically. For example, for total filler contenft(2.25 wt. % clay, 1.5 wt. % PET), the bending
strength was observed to be very low i.e. 57 MPas $howed that there is some upper limit of

the total micro and nano filler content which tr@acomposite system can accommodate.

A. Mixture Contour Plot for Bending Strength
The mixture contour plot shown in Fig. 4.5 descsithee relation of the response variable (bending
strength) to the three constituents of the nanoasitg system. It can be observed that maximum
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bending strength was observed for neat epoxy-hardaistem i.e. 93.7 MPa. Also, the maximum
bending strength obtained for the blend was 83.a MHRich is at maximum concentration of clay
(2.25 wt. % clay and 0 wt. % PET).

Mixture Contour Plot of Bending Strength (MPa)
Epoxy-Hardener system (%)
100
- o o Bending
Epoxy-Hardener system (%) = 99.9682
Clay (%) = 0.0177535 | Strength
PET (%) = 0.0140390
Bending Strength (MPa) = 99.2088 , (MPa) 0.0
< 50.
W 500- 700
Epoxy-Hardener system (%) = 97.7703
Clay (%) = 2.18200 70.0- 90.0
PET (%) = 0.0477310 _
Bending Strength (MPa) = 83.4601 . 90.0 110.0
> 110.0
0.0 0.0
Epoxy-Hardener system (%) = 96.2605 E?;ﬁ;gi%égg%z’gegm (%) = 98.4936
Clay (%) = 2.24558 PET (%) = 1.47996
PET (%) =1.49393 Bending Strength (MPa) = 73.2029
Bending Strength (MPa) = 61.5342
Epoxy-Hardener system (%) = 98.1210
Clay (%) = 1.13340
PET (%) = 0.745598
Bending Strength (MPa) = 58.5358
3.75 96 3.75
Clay (%) PET (%)

Fig. 4.5 Mixture contour plot for bending strength

Further on addition of only PET fibers (0 wt. %\la.5 wt. % PET) to the base material, bending
strength reduced to 67 MPa. These results showattdition of only clay component deteriorate
the bending strength lesser as compared to addifiamly PET fibers. The minimum bending
strength was obtained at compositions of (1.6878& 1.125 wt. % PET) and (2.25 % clay, 1.5
% PET) as 53 MPa and 57 MPa respectively. Thusntkiire contour plot recognized the regions
(shown in flags) of poor bending strength and againfirmed them to be for compositions

containing both micro and nano fillers simultandpuis their upper ranges, the nanocomposite
system.

B. Mixture Surface Plot for Bending Strength
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The mixture surface plot is showing the relatiomwe®n the response variable (here, bending
strength) and the various constituents, based @netiression analysis. The mixture surface plot
shows the effect of change in concentration of trents (epoxy, clay, and PET) on the bending
strength of the fabricated nanocomposite. For thengdata, the mixture surface plot shows that
bending strength is highest for the pure epoxy-&aed system i.e. no addition of clay and PET.
The surface plot illustrates that with increaselay content in the nanocomposite system (with
no PET addition), the bending has decreased bujinaly (for maximum clay content of 2.25
wt. %). However, the plot shows that when PET amasiincreased (in absence of clay), the
bending strength decreased drastically. Furthersitmultaneous addition of micro and nano filler
(in any amount), has resulted in deterioratiorhefttending strength. The plot also shows that if
both micro and nano fillers have to be added inrtherocomposite system for some special
requirements, the top left corner of the plot stidad targeted to obtained the desired concentration

of constituents.

Mixture Surface Plot of Bending Strength (MPa)

(PET = 0%, Clay = 2.25%; BS 83.3 MPa)
Epoxy-Hardener system (%)
Bending Str rgt  h (MPa)

(PET = 1.5%, Clay = 0%; BS = 64 MPa)
0.00

Clay (%)

375
PET (%)

Fig. 4.6 Mixture surface plot for bending strength

C. Cox Response Trace Plot for Bending Strength
A response trace plot (also known as componenttsfftot) shows how each component affects
the response (i.e. bending strength) with respeet teference blend. For the present work, the

reference blend was given of composition (1.13mtlay and 0.75 wt. % PET). This composition
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corresponds to the center point of the design spdeg. 4.5. The Cox Response Trace Plot shown
in Fig. 4.7 shows the effect of each componenterbending strength.

The Cox response trace plot shown in Fig. 4.7 plewinformation about the component effects
on the bending strength. Starting with the compmsitorresponding to the reference blend, the
plot shows that as the proportion of epoxy in thetmme increases (and the other mixture

components i.e. clay and PET decrease), the bestlieggth increases. The plot shows that any
increase in the epoxy amount beyond the refereleeel ltomposition, results in a sharp increase

in the bending strength values.

CoxResponse Trace Plot
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Fig. 4.7 Cox response trace plot for bending strettly

This is supported by the results in Table 4.2 wisicbw that maximum bending strength has been
obtained for the neat epoxy-hardener system. ThepBu clearly shows that when the epoxy

content is at its minimum ranges (and thereby alay PET are present in their combined higher
proportions) in the nanocomposite, the bendinghgtreis minimum. This again illustrates that

addition of any filler to the epoxy-hardener systéeteriorates the bending strength. However,
with compositions containing lesser epoxy thanrtéference blend composition, the decrease in
bending strength values has not been very draBhis is because for all such compositions

(containing lesser epoxy than the reference blehd)concentration of clay in the nanocomposite
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is always more than that of PET. It can be obsefr@d Table 4.2 that addition of clay though
deteriorates the value of bending strength bublis & restore it near the value obtained with neat
epoxy-hardener system. Thus, in blends with lespexy than the reference blend, because of
dominance of the clay concentration over the PHICentration, the bending strength values have
decreased but not significantly.

4.4.4 Flexural Modulus for Composite System

This section describes the changes observed iftethieal modulus of the nanocomposite system
with changes in composition. For the obtained tsswd regression analysis was conducted
(Appendix 1V). The flexural modulus for the neatogg-hardener system was observed to be
3196.7 MPa. The maximum improvement in flexural olad was observed for epoxy-clay blend
containing maximum weight percentage of clay (2v23%). The maximum flexural modulus was
recorded as 3500 MPa (0 % PET, and 2.25 % clays,Tthe maximum improvement obtained in
flexural modulus was about 10% over that of theebasterial. It may be noted here, that
nanocomposites containing both PET and clay inr thigher ranges, deteriorated the flexural
modulus considerably.

The following graphs describe the changes obsarvée flexural modulus of the nanocomposite

system with changes in composition.

A. Mixture Contour Plot for Flexural Modulus

The mixture contour plot shown in Fig. 4.8 descsitiee relation of the response variable (flexural
modulus) to the three constituents of the nanocaiitgeystem. For any given composition of the
nanocomposite system within the design space, tkieira contour plot can be used to obtain the
resultant flexural modulus. The contour plot shakaat with maximum clay content, the flexural
modulus increases to maximum. For example, foctmposition (2.25 wt. % clay, and 0 wt. %
PET), the flexural modulus was highest at 3500 MKao, with addition of only PET to the
composite system, the flexural modulus decreasggufisiantly. For example, for the composition
(O wt. % clay, and 1.5 wt. % PET), the flexural ralg was 2860 MPa. Further, the minimum
flexural strength for the nanocomposite systematrsgined at (clay: 2.25 wt. %, PET: 1.5 wt. %)
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as 2530 MPa. This showed that the epoxy-harderstersycannot accommodate both the fillers

simultaneously in their higher amounts.

Mixture Contour Plot of Flexural Modulus (MPa)
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Fig. 4.8 Mixture contour plot for flexural modulus

B. Mixture Surface Plot for Flexural Modulus
A surface plot shows how a response variable (ffilesejral modulus) relates to three components
based on a regression model. The mixture surfaxtespbws the effect of change in concentration

of constituents (epoxy, clay, and PET) on the flfakmodulus of the fabricated nanocomposites.
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Mixture Surface Plot of Flexural Modulus (MPa)
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Fig. 4.9 Mixture surface plot of flexural modulus

For the given data, the mixture surface plot shthas flexural modulus is highest when clay is
maximum (with no PET). Further, the plot elabordheg increase in PET concentration decreases
the flexural modulus continuously. To maximize tiexural modulus, choose proportions for the

components in the upper left corner of the plot.

C. Cox Response Trace Plot for Flexural Modulus

A response trace plot shows how each componemtsttee response relative to a reference blend.
For the present work, the reference blend was grgef@poxy: 98.12, clay: 1.13, PET: 0.75; all in
wt. %; obtained as the center point of the desjggcs in Fig. 4.2) in composition. The Cox
Response Trace Plot shown in Fig. 4.4 shows thectefif each component on the flexural

modulus.
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Fig 4.10 Cox Response Trace Plot for Flexural Strgth

The trace plot provides information about the cong effects. Starting with the region on to the
left of the reference blend (i.e. nanocomposite positions with less than 98.12 wt. % of epoxy),
the plot shows a continuously changing trend wittmiaima and a maxima. The minima was
obtained corresponding to the composition contgirtire fillers in their combined maximum
amount (clay: 2.25 wt. %, PET: 1.5 wt. %, epoxy280wt. %; flexural modulus: 2530 MPa). The
maxima in this left blend region was obtained fanecomposite system containing maximum
clay with no PET (clay: 2.25 wt. %, PET: O wt. %po&y: 97.75 wt. %; flexural modulus: 3500
MPa). The reverse of this trend was shown in thbt region (region on to the right of the
reference blend). In the right region, the plotiagdnowed a continuously changing trend with a

minima and maxima.

4.5 Effect of Alkaline Treatment on Nanocomposite P perties

This section describes the various activities &sdlts thereof listed under Phase 1l of the present

experimental work. Here, initially the PET fiberese subjected to NaOH treatment under various

temperature-time conditions. The treated fibersewyen characterized using SEM analysis.

Based on the topological changes on the surfadesafed fibers and the recommendations of
66



available literature, a few treatment conditionsraveelected. For these selected treatment
conditions, nanocomposites for a given composiwere fabricated with the treated fibers. These
nanocomposites were subjected to mechanical tetingte the tensile and bending properties

corresponding to different treatment conditions.

4.5.1 SEM Image Analysis

This section presents all the SEM images obtairedPET fibers treated under different
temperature-time conditions. These images profqurittlped in selecting the treatment
conditions for which the fibers (after treatment) their additon to the composite system will
favour an increase in tensile and bending propedi¢he composite.

Figure 4.11 (a—d) shows the SEM images for thérreat temperature of 3C(room temperature)
with treatment time periods of 2.5, 5, 10, 15 masutespectively. The areas of modification by
NaOH on the surface are seen like minute poregas is Fig. 4.11 (d). SEM images show that
surface has not been modified adequately (not cseiffily rough) to provide any increased

adhesion of PET to the resin.

a) 31 °C, 2.5 min

SEl  20kV WD11mm 5 x2,000 10um e SEl 20kV WD11mm  SS39 x2,000 10um: e T2
SAl Labs, Thapar Univ. Patigls” GMourya 16 May 2014 SAIl Labs, Thapar Univ, Patiala, GMourya 15 May 2014

¢) 31°C, 10 min R d) 31°C, 15 min

SEI 20kV 40mm  SsS38 x2,000 n 2] 4 9
SAl Labs. Thapar 1V, Patiala, GMourya 15 May 2014 affs, 0 F Patiala, «i) . 15 May 2014
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Fig. 4.11 SEM images of treated PET fibers for a)13°C, 2.5 min b) 31°C, 5 min ¢) 31°C, 10 min d) 31°C,

15 min

Figure 4.12 (a—d) shows the SEM images for the #t€Fs treated at a temperature of’6Qless
than the glass transition temperature {€Pof PET fibers) for time periods of 2.5, 5, 10, 15
minutes respectively. Images for soaking period2.6f 5 and 10 minutes respectively did not
show any significant changes on the surface ofrdibdowever, SEM image for 15 minutes of
treatment time showed disfigurement, but which wasuniform over the entire surface of the
fibers. The surface topology was still not everselto the required topology as reported by Teh
et al. (2005).

Figure 4.13 (a—d) shows the SEM images for thedrtreat temperature of 8@ with treatment
time periods of 2.5, 5, 10, 15 minutes respectivEhe treatment tempertaure considered here was
above the glass transition temperature of PET ditsrd thus a noticable change in surface
topology of fibers was observed. The fibers tredted.5 and 5 minutes did not show any kind
of pitting etc. but delusturing of the fibers coulé noticed. The fibers treated for 10 and 15

minutes respectively showed significant amountittiing.

a) 50 °C, 2.5 min b) 50 °C, 5 min

v WD11mm ssas M — SEI 20KV . “WD10mm = S$S38
fLabs, Thapar Univ, Patiala. GMou 14 May 2014 SAlLabs:Thapar Univ. Patiala, SMourya

']

¢) 50 °C, 10 min / o d) 50 °C, 15 min

SEI  20kV WD11mm V1 i im 20KV WD11mm 4 $838
SAI Labs, ThapdUniv, Pag 4 d S May 2 s./Thapar Univ, Patials, GMo

Fig. 4.12 SEM images of treated PET fibers for a)&°C, 2.5 min b) 50°C, 5 min c) 50°C, 10 min d) 50°C,
15 min
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a) 80 °C, 2.5 min b) 80 °C, 5 min

/
/

SEI 20kV VV;D11mm SS38 x2,000 SEI 20kV WD11mm SS38 x2,000 10pum e
SAl Labs, Thapar Univ. Patiala, GMourya SAl Labs, Thapar Univ, Patiala, GMourya 14 May 2014

¢) 80°C, 10 min ' d) 80°C, 15 min

/ 4 F / p—
SEl/L 20kV 5S83 X2, " _— 20) 4 mr X2,000  10pm  ‘—
saf Labs, Tha . Patial@ Grioywal i, 14 May 2014  [USAPEABS, Thapar Univ, Patiala, GMourya 14 May 2014

Fig. 4.13 SEM images of treated PET fibers for a)®8°C, 2.5 min b) 80°C, 5 min c¢) 80°C, 10 min
d) 80°C, 15 min

This kind of morphology was required as per theoregal literature for fullfilling the objective of
the study. However, PET fibers were still subjediednore severe treatment conditions. They
were subjected to NaOH treatment at°@0for prolonged periods of 30 min and 45 min
respectively. Figures 4.14 and 4.15 show the sertitails of the treated fibers for treatment
conditions of 30 min and 45 min respectively faatiment at 86C. For these large time periods,
another characteristic observed was excessive mgwodithe fibers during the course of treatment
along with scaling-off of the edges of fibers, bewn in Fig. 4.14 (b) and Fig. 4.15 respectively.
The areas of attack by the alkaline solution onfiter surface were observed as small craters/
pores etc. However, under extremely severe comditod treatment (8€C for 30 min and 45 min
respectively), surface gets deteriorated becausmalkscence of several craters/ pores etc. at
particular locations as shown in Fig. 4.15.
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a) 80 °C, 30 min

3 { i~\ /
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< 3 W \ 1) \
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SAl Labs, ThaparUais iala, ' Mauiyal 19 May 2014 [gSAFLabs, Thapar\niv/Ratiala, < GMgurya

Fig. 4.14 SEM images of treated PET fibers for a)®°C, 30 min (2000X) b) 8CC, 30 min (35X)

4.5.2 Property Evaluation of Nanocomposite with Trated Fibers

From the SEM analysis conducted on treated filbesection 4.6.1, four treatment conditions were
considered appropriate to be having potential tprawe the mechanical properties of the
nanocomposite. The selected temperature-time gonditor alkaline treatment were at 80with
treatment time of 2.5, 5, 10 and 15 min respedtivel

Scaling Off

Fig. 4.15 SEM images of treated PET fibers for 82C, 45 min

For this, nanocomposites for the above selecteditons were again fabricated according to the
steps described in Chapter 3 (Section 3.7.h& composition selected for testing was (clay: 0.8

70



wt. %, PET: 1.00 wt. %, epoxy-hardener: balancd)e Tesults of mechanical testing for
nanocomposites with untreated and treated fiberstaown in Tables 4.3—4.4.

Table 4.3 shows the results of tensile testingah be observed from the table that treatment
conditions of 2.5 and 5.0 min at 80 have not resulted in increase in the tensile gtreas
compared to value obtained with untreated fibers: ffeatment time of 10 min, a slight
improvement in tensile strength has been obseiediever, the best results were obtained for
treatment conditions of 8@ with 15 min of treatment time. The stress vs. esi@n curves for
tensile testing under some selected conditionslaoen in Fig. 4.16 (a—c).

The experimental work conducted in Phase | had shbat on adding PET fibers to the epoxy-
clay nanocomposite system had mainly improvedehsile strength. Further, in Phase Il of work
(as discussed above), it was observed that maximgpnovement in tensile strength was achieved
by alkaline treatment of the fibers under the cbads G0°C, 15 min). Thus, for this treatment
condition, the nanocomposite was tested under hgridicompare the results of bending strength
and flexural modulus with those of the nanocomgosiith untreated PET fiber$he flexural
stress vs. defection curves for flexural testingamboth the conditions (untreated fibers; fibers
treated for 15 min at 8Q) are shown in Fig. 4.17 (a—b).
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Fig. 4. 16 Tensile stress vs. extension curve foB0wt. % clay and 1 wt. % PET

(a) untreated (b) 80°C, 2.5 min (c) 8C°C, 15 min
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Fig. 4. 17 Flexural stress vs. deflection curve fd@.8 wt. % clay and 1 wt. % PET
(a) untreated (b) 80°C, 15 min
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Table 4.4 Tensile testing results for nanocompositgith treated fibers

Nanocompositcomposition: 0.8 wt. %, 1.0 wt. % PET, ep-hardener: balan

Treatment temperature: 80

Treatment time (mit o- 2.t 5 10 15

Tensile strength (MP 38.7 38.t 38.t 40.7 44.F

UUntreated PET fibers in the as-received form

Table 4.5 Flexural testing results for nanocomposit with treated fibers
Nanocomposite composition: 0.8 wt. %, 1.0 wt. % Pg&Jox-hardener: balan

Treatment temperature: 80

Treatment time (mit o- 15
Bendingstrength (MPe 66.2¢ 65.5
Flexuralmodulus (MP& 2277.t 1943.333

UUntreated PET fibers in the as-received form

The results show that the treatment of PET fibexdeu the selected time-temperature conditions
resulted in slight reduction in the nanocomposit@’sperties under flexural testing. However,
since the decrease is not drastic whereas theaseri@a tensile properties achieved through the
selected treatment conditions was significant, ghiel conditions are useful in improving the

overall properties of the nanocomposite systenmujimaddition of treated PET fibers.
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Chapter 5

Conclusions

5.1 Introduction

The chapter brings forward the conclusions drawmfthe present experimental work. It also

discusses the major inferences and recommendati@hthe scope of future work.

5.2 Results and Conclusions

Fabrication of Nanocomposites

Fabrication of nanocomposites involves a defingtguence of processing steps which have to
be adhered to carefully. Before mixing the conetits, the fillers (PET, and clay) have to be
dried for sufficient periods of time in order tatgel of moisture. Initially, the clay is added to
the epoxy and is dispersed using a homogenized@Qpm) and a probe sonicator. This is
followed by addition of PET fibers dispersed usangiechanical stirrer. After the fibers are
homogeneously dispersed, the hardener is addedgaid mechanical stirrer is used to mix
the constituents. After addition of hardener, mixia done for upto 5—7 minutes. Finally the

mix (blend) is poured into an aluminium mould caoatéth a releasing agent.

XRD Analysis

The d-spacing of pristine clay (Closite 15A) is eb®d to be 19.96 A.

It is inferred from the XRD results that d-spaciigclay has increased from 19.96 A to a
higher range of 29.2—-30.0 A on addition of claytte polymer system. This indicates that the
processing method is correct as epoxy chains mgecalated into the nano clay layers due to
polymerization of epoxy between clay layers.

Also, the increasing amount of clay in the resia hat made any considerable changes in the
extent of intercalation, thus concluding that tAege in which clay has been varied is correct

and acceptable.
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Tensile Property

The tensile strength recorded for neat epoxy-handgystem (no fillers) is 38.7 MPa.

The maximum improvement in tensile properties (848MPa) has been observed for epoxy-
PET fiber blend containing maximum weight perceata§ PET (1.5 wt. %) with no clay
content. The maximum improvement obtained in tensitength was upto 12% over that of
the base material. Thus, it was concluded thatiadddf only PET fibers improved the tensile
strength. PET fibers are considered as ductilentbplastics which help in upgrading the
tensile properties (Teét al, 2005).

With increase in clay content (from 0.5625 to 1%8%. %), for the same concentration of
PET (1.125 wt. %), tensile strength has decrea?3@® to 34.3 MPa). This change witnesses
that increase in clay content decrease the tessiagth. The decrease in tensile strength
values, could be explained by the stress concanratfect of agglomerated clay particles at
higher clay loadings leading to lowering of fillsarface area and thus lower polymer/clay
surface interaction (Isikt al.,2003; Azee=zt al.,2013; Kusmonet al.,2013).

The results reveal that when micro-filler (PET) awasho-filler (clay) are present at their higher
ranges simultaneously in the nanocomposite systdma, tensile strength decreases
considerably. For example for nanocomposite cartgiits (clay: 1.6875 wt. %, PET: 1.125
wt. %) and (clay: 2.25 wt. %, PET: 1.5 wt. %) wheriero and nano-fillers both are present
in a significant amount, the tensile strength dexpfo lower values of 34.3 MPa and 27.6 MPa
respectively. This shows that the epoxy-hardengtesy cannot accommodate both the fillers
simultaneously in large amounts. This is becauseeasing the filler contents to higher
concentrations, increases the viscosity of theegysesulting in heterogeneity and nano voids

formation due to entrapment of air bubbles duriaiggsle preparation (Azees al.,2013).

Bending Strength

The bending strength for the neat epoxy-harderngesyhas been observed to be 93.7 MPa.
Addition of fillers (either clay, or PET or bothas lowered the bending strength with reference
to that of the neat epoxy-hardener system.

The maximum bending strength observed for the ramposite system (blend) is 83.3 MPa

for 2.25 wt. % clay with no PET addition. For maxim clay loadings epoxy nanocomposites
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showed maximum bending strength as compared to bteads. This was justified by the
good interfacial bonding between the nanoclayrfidad the epoxy matrix, which leads to
increased surface area of matrix/nanoclay intesaand good stress transfer from the matrix
to the nanoclay (Kusmoret al.,2013).

Further, it has been observed that, when both itleesfare present in the nanocomposite
system and that too in their higher ranges, thelingnstrength values drop drastically. Thus,
concluding that there is some upper limit of thiltonicro and nano filler content which the
nanocomposite system can accommodate.

Also, for the composite containing only PET fibdyending strength has been observed to be
low. It can be concluded that short fibers do ngpport the transverse load well, thus

deteriorating the resistance against flexural logdi

Flexural Modulus

The flexural modulus of neat epoxy-hardener syss8196.7 MPa.

Improvement in flexural modulus has been obsengditie epoxy-clay blend containing
maximum weight percentage of clay and has beentdl®® over that of the base material.
The reinforcing effect of clay layers on the fleaumodulus is mainly due to the high modulus
and high aspect ratio of the dispersed clay layBEnss provides large interfacial interaction
between clay layers and polymer matrix (lstkal.,2003; Azeezt al.,2013; Kusmonet al.,
2013).

With addition of only PET to the composite systetng flexural modulus decreased
significantly. For example, for the compositionW@ % clay, and 1.5 wt. % PET), the flexural
modulus was 2860 MPa. This is again attributecheoghorter length of micro-fillers in the
composite system.

The nanocomposites containing both PET and clalyaim higher ranges, has deteriorated the
flexural modulus considerably. This was due toeased secondary content which leads to
decrease in flexural modulus values, which couldty@ained by the stress concentration sites.
These sites form due to the higher content leattingwering of filler surface area and lower

polymer/clay surface interaction (Kusmoeioal.,2013).
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Effect of Surface Modification on Nanocomposite Prperties

The treatment of fibers has been done to redude éReessive smoothness and chemical
inertness. Excessive smoothness reduces the esttenechanical bonding and chemical
inertness reduces the extent of chemical bondihgdan the fibers and the matrix.

PET fibers have been treated under different teatpes-time conditions. Three temperatures
were chosen for the fiber treatment: room tempeeafB1°C), a temperature below the glass
transition temperature of PET (5), and a temperature above the glasss transition
temeprature of PET (8Q). For each temperature, PET fibers have beeretidat atleast four
different soaking periods viz. 2.5, 5.0, 10.0,01%in respectively.

For all the temperature-time treatment conditions 81°C and 50°C, no significant
morphological changes on the surface of PET fibaxe been observed. Similar results have
been obtained for treatment at ®0for 2.5 and 5.0 min repectively. However, sigrafit
changes have been observed at the surface of B&T for prolonged treatment of 10 and 15
min at 80°C. But for excessively long treatment periods ofad@ 45 min respectively, the
PET have lost their surface integrity due to depelent of large craters, excessive bending
etc. This was in accordance with the work of Teh e(2005) which reports that soaking for
prolongrd time periods results in aqueous alkadictieg with highly stressed ester bonds

within the structure resulting in rapid hydrolysis.

Fig. 4.5 (a—d) shows the SEM images for the treatrtemperature of 31C (room temperature)

with treatment time periods of 2.5, 5, 10, 15 masutespectively. The areas of modification by

NaOH on the surface are seen like minute poregas s Fig. 4.5 (d). SEM images show that

surface has not been modified adequately (not csefily rough) to provide any increased

adhesion of PET to the resin.

5.3 Major Conclusions

The results of the study reveal that it is posdiblguccessfully fabricate nanocomposites with
a low viscosity epoxy of araldite family (resin: @67, and hardener: HY 837) containing
two fillers (micro as well as nano) to give modertd good mechanical properties.

The results of the study show that the preseneesiicate based filler (in the present study,

clay was the silicate based nano-filler) and antogiastic based filler (PET was the
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thermoplastic based micro-filler) have diverse @ffen the mechanical properties of the
nanocomposite system. The increase in silicatedoaaeo-filler has more profound effect in
giving favorable flexural properties whereas ther@ase in PET micro-filler has more
significant effect on the tensile properties.

» The results of the experimental work have shown tthenanocomposite system is not able
to accommodate the simultaneous presence of betmitro and nano-fillers in a significant
amount.

» The present work also reveals that the alkaliraiment for PET fibers is effective in bringing
favorable and significant morphological changeshensurface of treated fibers. This surface
modification probably improvers both the mechanigatl chemical adhesion between the
fiber reinforcement and the matrix leading to im@d tensile strength. In the present work,
tensile strength improved considerably by fabricggianocomposite with fibers treated under

the selected conditions.

5.4 Scope of Future Work

The present work investigated the effect of miard aano-filler concentration on the mechanical
properties of a nanocomposite system. The maingptieg investigated were tensile and flexural.
However, the presence of thermoplastic based @uBT fibers have a great potential in
improving the resistance against impact loading Wbrk can be extended to evaluate the impact
strength of the nanocomposite system with changd®ET and clay loadings. Also, the given
nanocomposite system contained clay as the silltzded nano-filler. The presence of clay can
have a marked effect in improving the physical prtips of the nanocomposite system. So,
another scope can be to investigate the effectlaf concentration on the glass transition

temperature, storage modulus and barrier propestes
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Appendix |

Peak list for Pristine Clay

3

Pos. Height d-spacing Rel. Int. Area Area FWHM
[°2Th.] [cts] [A] [%] [cps*°2Th.] [cts*°2Th.] [°2Th.]
4.4216 2992.11 19.96835 100.00 13.89 1154.47 0.2608
4.8024 2778.26 18.38574 92.85 12.90 1071.96 0.260¢4
19.7527 1748.97 4.49095 58.45 6.49 539.86 0.2086
21.9606 601.27 4.04417 20.10 2.23 185.59 0.2084
24.6891 349.13 3.60307 11.67 4.54 377.19 0.7301
26.5999 260.74 3.34842 8.71 0.97 80.48 0.2086
34.7530 554.31 2.57928 18.53 3.09 256.65 0.3129
36.2404 440.84 2.47675 14.73 6.55 544.30 0.8344
40.2849 57.49 2.23693 1.92 0.64 53.23 0.6258
53.9025 223.76 1.69957 7.48 2.49 207.21 0.6258
61.7837 712.73 1.50033 23.82 5.29 440.00 0.4172
72.9098 175.78 1.29639 5.87 1.96 162.77 0.6258
76.3017 146.99 1.24698 4.91 2.25 186.97 0.6360

Peak list for composite with 0.75 wt. % clay
Pos. Height d-spacing Rel. Int. Area Area FWHM
[°2Th.] [cts] [A] [%] [cps*°2Th.] [cts*°2Th.] [°2Th.]
3.0059 325.73 29.36900 100.00 2.66 248.60 0.3816
Peak list for composite with 1.5 wt. % clay

Pos. Height d-spacing Rel. Int. Area Area FWHM
[°2Th.] [cts] [A] [%] [cps*°2Th.] [cts*°2Th.] [°2Th.]
2.9384 485.75 30.04329 21.50 1.61 149.94 0.2086
5.8675 170.44 15.05042 7.55 0.85 78.92 0.3129
19.6959 2258.78 4.50377 100.00 22.41 2091.67 0.625¢

Peak list for composite with 2.25 wt. % clay
Pos. Height [cts] d-spacing | Rel. Int. [%)] Area Area FWHM

[°2Th.] [A] [cps*°2Th.] [cts*°2Th.] [°2Th.]

2.9894 937.31 29.53061 100.00 5.42 506.31 0.3651

6.0058 284.96 14.70407 30.40 1.88 175.92 0.4172

61.7440 80.93 1.50120 8.63 1.32 123.53 0.7632

Peak list for composite with 3 wt. % clay
Pos. Height [cts] d-spacing | Rel. Int. [%)] Area Area FWHM

[°2Th.] [A] [cps*°2Th.] [cts*°2Th.] [°2Th.]

3.0221 797.66 29.21111 100.00 3.96 369.32 0.3129

6.1876 191.71 14.27250 24.03 0.95 88.76 0.3129

61.6269 109.85 1.50377 13.77 1.20 111.78 0.5088
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Appendix Il

Estimated Regression Coefficients for Tensile Streggh (MPa)

Terms Coef P
Epoxy-Hardener system (%) 38 *

Clay (%) 5296036 *

PET (%) -5852655 *

Epoxy-Hardener system (%)*Clay (%)

-6768329 0.%7

Epoxy-Hardener system (%)*PET (%)

Epoxy-Hardener system (%)*Clay (%) *PET (%) 1912680.783

R-Sq = 88.04%

R-Sq(pred) = 71.06%

1

5942170 0.696

R-Sq(adj) =81.51%

Analysis of Variance for Tensile Strength (MPa)

Source DF| SeqSS AdjSS| AdjMS F P
Regression 6| 372.800 372.80p2 62.1334 13.49 0.000
Linear 2 | 236.4771 16.3657 8.1828 1.18 0.214
Quadratic 2| 119.528 16.3983 8.1991 1.8 0.R14
Epoxy-Hardener*Clay (%) 1 77.150 15706 15705 0[3@571
Epoxy-Hardener*PET (%) 1 42.379 0.7388 0.7388  0|1®.696
Special Cubic 1 13.6771 0.3672 0.3672 0.08 0./83
Epoxy-Hardener*Clay (%)*PET (% 1 13.67) 0.3672 @r3 | 0.08| 0.783
Full Cubic 1 3.118 3.1181| 3.1181 0.8 0.428
Epoxy-Hardener*Clay (%)*(-) 1 3.118 3.1181 3.1181 .68 | 0.428
Residual Error 11] 50.653 50.6527 4.6048
Total 17 | 423.453
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Appendix Il

Estimated Regression Coefficients for Bending Streyth (MPa)

Term Coef P
Epoxy-Hardener system (%) 95 *
Clay (%) 67530851 *
PET (%) -10409159¢ *
Epoxy-Hardener system (%)*Clay (%) -79553486 0.

D01

Epoxy-Hardener system (%)*PET (%)

105674839 O.

D01

Epoxy-Hardener system (%)*Clay (%)*PET (9

6) 489782

®.001

Epoxy-Hardener system (%)*Clay (%)*(-)

1096106

1 2q

R-Sq = 96.18%

R-Sq(pred) = 90.95%

R-Sq(adj) = 94.09%

Analysis of Variance for Bending Strength (MPa)

Source DF| SeqSY AdjSS AdiM$S F P
Regression 6| 3015.35 3015.85 502.358 46.14 0[000
Linear 2 | 1927.3Q 255.1% 127.577 1171 0.002
Quadratic 2| 831.89 256.22 128.110 11|76 0.p02
Epoxy-Hardener*Clay (%) 1| 38144 216.97 216.972 929.0.001
Epoxy-Hardener*PET (%) 1| 45045 233.64 233.644 21.0.001
Special Cubic 1 68.79 240.7p 240.763 22,10 0.001
Epoxy-Hardener*Clay (%)*PET (% 1 68.79 240.15 43| 22.10| 0.001
Full Cubic 1| 187.36| 187.36 187.360 17.20 0.002
Epoxy-Hardener*Clay (%)*(-) 1| 187.3¢6 187.36 187.3607.20| 0.002
Residual Error 111 119.81 119.81  10.892 0.001
Total 17 | 3135.16
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Appendix IV

Estimated Regression Coefficients for Flexural Modlus (MPa)

Term Coef P
Epoxy-Hardener system (%) 3261 *
Clay (%) 1894920369 *
PET (%) -3088485853 *
Epoxy-Hardener system (%)*Clay (%) -2194972289 0.00
Epoxy-Hardener system (%)*PET (%) 3135492885 0.p00
Epoxy-Hardener system (%)*Clay (%)*PET (%) 151023®3 0.000
Epoxy-Hardener system (%)*Clay (%)*(-) 268534284 001
R-Sq = 96.38% R-Sq(pred) = 91.33% R-Sq(adj) = 94.41%

Analysis of Variance for Flexural Modulus (MPa)

Source DF| SeqSS| AdjSS AdjMs F P
Regression 6| 1573921 157391 262320 48.83 0,000
Linear 2 | 697931| 402277 201138 37.44 0.000
Quadratic 2| 472890 40421 202109 37/62 0.poo

3
Epoxy-Hardener*Clay (%) 1 637 165174 16514 30.74000
Epoxy-Hardener*PET (%) 1| 472254 205695 205695 38.2900
Special Cubic 1| 290646 228923 228923 42.61 0)000
Epoxy-Hardener*Clay (%)*PET (% 1 290646 228923 42.61| 0.00(
Full Cubic 1| 112453| 112453 112433 20,93 0.001
Epoxy-Hardener*Clay (%)*(-) 1| 112453 112453 1124520.93| 0.001
Residual Error 111 59097 59097 5372 5.69 0.025
Lack-of-Fit 2 32994 32994 16497
Pure Error 9 26104 26104 2900
Total 17 | 1633018

86



